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ABSTRACT
Floodplains are hydrologically dynamic, receiving water from overbank events, hyporheic flows,
local precipitation, and regional groundwater sources. These sources are variously important
contributors to the heterogeneous floodplain water pool that includes matrix water in soil
micropores, mobile water in soil macropores, groundwater below the rooting zone, ephemeral to
seasonal surface storage, and permanent surface water features such as oxbow lakes, sloughs,
and other secondary channels. All sources may be ecologically relevant for floodplain
vegetation, but the exact roles of each source in both controlling soil water and shallow
groundwater recharge and in controlling floodplain water drainage are not well understood,
particularly in large, fine-grained floodplains. The objective of this research is to better
characterize the relationship between source waters and floodplain water pools by using stable
isotope and remote sensing tools in combination with classical hydrometric techniques at four
floodplains in the southeastern United States: Old Sabine Bottoms WMA, Boeuf WMA, Big
Lake WMA, and White River NWR. Specifically the objectives were to 1. use remote sensing
tools, specifically time series of land surface temperature to identify spatial and temporal patterns
in tree water stress to determine processes controlling water limitation in forested floodplains
(Chapter 2), 2. determine the factors controlling fluctuation of shallow groundwater of large,
fine-grained floodplains and the main sources of recharge across floodplains with different
degrees of modification and geomorphologies (Chapter 3), and 3. determine the sources of water
for floodplain trees in large, fine grained floodplains by investigating the important sources of
and controls on floodplain soil moisture (Chapter 4). Spatial and temporal analysis of water
stress indicated the importance of growing season precipitation in controlling water limitation of
the Old Sabine floodplain. Similarly, precipitation was found to be an important source of
shallow groundwater recharge during the growing season and the most important source of water
for seasonal wet up periods across all floodplains. River water likely plays a role in prolonging
the duration of seasonal wet periods by contributing to surface subsidies and limiting drainage
during high stages. Shallow groundwater is not a homogenous pool and instead is made up of
variably perched macropore water (VPMW) that is dynamic in time and space. This structure
mediates the relationship between shallow groundwater and river water fluctuations. In addition,
the soil structure likely has important implications for isotopic composition of soil water and tree
rooting behavior including the possible role of air filled macropores acting as vapor pathways
that lead to the dominance of a partial distillation signal in the soil-water isotopic compensation.
Overall this project has helped shed light on the hydrological behavior of large, fine-grained
floodplains and will help to guide managers in the face of future climatic uncertainty.

x

CHAPTER 1: INTRODUCTION
1.1 BACKGROUND
Floodplain wetlands associated with rivers are important ecosystems globally but are
threatened by a variety of stressors (Tockner and Stanford 2002). In the southeastern United
States, the dominant floodplain forest community known as bottomland hardwood forests (BLH)
was once the most abundant wetland type in the United States by area (Abernethy and Turner
1987). Less than 20% of the historical distribution of BLH remains today largely due to
conversion of forest land to agricultural uses (MacDonald et al. 1979, US Department of the
Interior 1988). Increased agricultural development of the LMAV has been dependent on
simultaneous increases in flood control infrastructure (King et al. 2005) that has substantially
altered floodplain hydrology. The loss of floodplain wetlands have negatively impacted water
quality and wildlife habitat in the southeastern United States (Conner and Day 1982, Sharitz and
Mitsch 1993). These already degraded systems continues to be threatened by future hydrological
alterations such as reservoir construction and groundwater withdrawal that can lead to decreased
surface and subsurface interaction between rivers and their associated floodplains (Konikow and
Kendy 2005, Wharton et al. 1982, Hupp et al. 2009).
Floodplains are hydrologically diverse, receiving water from overbank events, hyporheic
and bank-exchange flows, local precipitation, tributary streams, and regional aquifers (Mertes
1997, Woessner 2000), and many of these sources have been found to play an important role in
controlling vegetation community structure and growth. The behavior of floodplain waters is
vital to the ecology of the biological communities that are dependent upon these hydrological
processes. The importance of surface flood characteristics in structuring ecosystems in floodplain
forests has been well documented (Battaglia and Sharitz 2006, Kroschel et al. 2016, Hupp and
Ostercamp 1996, Hodges 1997, Lin et al. 2004, Piegay 1997, Salo et al. 1986, Streng et al.
1989). Further, floodplain plant establishment, growth, and survival depend on the availability of
soil moisture (Williams et al. 2006, Singer et al. 2013, 2014, Snyder and Williams, 2000).
Although surface flood waters may contribute a substantial volume to plant accessible water
(Winter et al. 1998), other water such as hyporheic and bank exchange, precipitation, and
shallow groundwater are additional potential sources for vegetation, particularly during the end
of the growing season (Allen et al. 2016) or following modifications that limit river-floodplain
connectivity and thus surface flooding (Gee et al. 2014).
Shallow groundwater can be an ecologically important source of water for floodplain
vegetation. Shallow groundwater acts as a source water for vegetation either through direct
uptake (Butler et al. 2007, Loheide et al. 2005) or through indirect replenishment of surface soil
moisture via capillary rise (Chen and Hu 2004, Lowry and Loheide 2010, Luo and Sophocleous
2010, Evans et al. 2018, Sophocleous 2002). Groundwater is thought to be especially important
in arid, semi-arid, and Mediterranean climates subject to large seasonal differences in
precipitation (Laio et al. 2001, Snyder and Williams 2000, Williams et al. 2006). Similarly,
floodplain ecosystems can experience large seasonal variability in water availability (Hupp
2000) and are subject to altered hydrology from river modifications that may result in reduced
water availability (King et al. 2012). Although the exact sources of water for floodplain
vegetation can vary spatially, temporally, and across different species, increased groundwater
levels can correspond with increased tree growth (Allen et al. 2016) while declines in
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groundwater levels can reduce growth and cause mortality of floodplain vegetation (Scott et al.
1999, Stella et al. 2010).
Large river floodplains are composed of heterogeneous soils that have been deposited by
adjacent rivers over repetitive flood cycles. Geomorphic features such as backswamps, natural
levees, meander scrolls, and oxbow lakes are associated with distinct sized soil fractions and
structures creating a hydrologically heterogeneous floodplain subsurface (Nanson and Croke
1992). Generally the sediments of fine-grained floodplains are upward fining with coarse layers
at depth and fine layers near the surface (Autin and Aslan 2001, Gonthier 1996, Nanson 1980,
Wolman and Leopold 1957). In low-velocity backwater areas of large floodplains and
throughout floodplains with high vertical accretion rates, fine-grained surficial sediments can be
greater than two meters thick and have vertic properties characterized by shrinking and swelling
behavior that corresponds with floodplain wet and dry cycles. Modeling suggests vertical
infiltration of river water infiltration is limited in floodplains with a homogenous low hydraulic
conductivity surface layer (Doble et al. 2012). Conversely, fine-grained soils of thickly forested
floodplains contain roots, animal burrows, and other biologically derived preferential flow paths
in combination with layers of coarser grained soils and soil cracks, all of which can provide
preferential passage of water around the low conductivity matrix (Bouma and Wösten 1979).
This architecture results in a complex mosaic of interacting flow pathways that complicate
subsurface water movement beyond what has been observed in small floodplains with less
complex subsurface structure.
Further, few studies have focused on the controls of water availability during dry periods,
particularly in the context of large fine-grained floodplains with complex subsurface structures.
Recent research suggests that even in floodplain wetlands typically defined by annual water
excess, periods of limited availability can result in reduced tree water use (Allen et al. 2016,
Bosch et al. 2013), an indicator of stress and reduced productivity (Lu et al. 2004). Identification
of areas of water stress within floodplain forests can provide valuable information about the
controls on soil moisture during particularly vulnerable times for floodplain wetland vegetation.
Identifying the source of soil and groundwater in large, fine-grained floodplain systems through
application of stable isotope tracers and remote sensing in combination with classical
hydrometric methods can provide valuable information about the hydrological controls on tree
water sources during wet and dry periods and provide information to managers for management
of forested floodplains in the fact of climatic uncertainty.
Specific Objectives of this research are to:
 Use remote sensing tools, specifically time series of land surface temperature to identify
spatial and temporal patterns in water stress for determination of controlling processes of
water limitation in forested floodplains (Chapter 2)
 Determine the factors controlling fluctuation of the shallow groundwater pool of large,
fine-grained floodplains and the main sources of recharge across floodplains with
different degrees of modification and geomorphologies (Chapter 3)
 Determine the sources of water for floodplain trees in large, fine grained floodplains by
investigating the important sources of and controls on floodplain soil moisture (Chapter
4)
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CHAPTER 2: SATELLITE DERIVED TEMPERATURE FOR MONITORING

WATER STATUS IN A FLOODPLAIN FOREST OF THE UPPER SABINE
RIVER, TEXAS
2.1 INTRODUCTION
Bottomland hardwood (BLH) forests are high value, high productivity wetland
ecosystems (Tockner and Stanford 2002), but many are under threat of ecosystem conversion
due to current water management strategies and changing climatic conditions (Graf 2001, Olson
and Dinerstein 1998). Much of these forests were converted to agriculture in the latter half of the
20th century (Turner et al. 1981) and those that remain have become degraded due to hydrologic
modifications to large rivers among other causes (King et al. 2012). Hydrologic modifications
that reduce water availability to floodplain vegetation during the growing season (e.g., dams,
levees, and channelization; Hupp et al. 2009, Wharton et al. 1982) may be particularly
detrimental because wetland trees generally are poorly adapted to dry conditions. For example,
shallow rooting habits of wetland trees (Kozlowski 1997), especially roots developed during
flooding, may not be ideal for accessing soil water (Burke and Chambers 2003). In general, trees
that are well adapted to one stress are vulnerable to contrasting stressors (Niinemets 2010).
Predicted increases in drought frequency (Georgakakos and Zhang 2011, Hay et al. 2011,
Orlowsky and Seneviratne 2012) and anthropogenic water use (Brown et al. 2014) will further
decrease water levels in rivers and thus water availability for BLH, potentially converting
hydrological conditions to those favored by species associated with drier habitats (Gee et al.
2014, Kroes and Brinson 2004, Shankman et al. 2012)
Water available to floodplain vegetation is controlled by river discharge, precipitation,
and shallow groundwater flow, but relative contributions to water accessible by vegetation are
still poorly understood (e.g., Kaplan and Muñoz-Carpena 2011, Krause et al. 2007). In BLH
forests, the physiological effects of flooding have been well documented (reviewed by
Kozlowski 1997) but few studies have focused on the importance of water availability during
low flow periods, when river and floodplain become hydrologically disconnected. Recent
research suggests that even in floodplains typically defined by annual water excess, periods of
limited availability can result in reduced tree water use (Allen et al. 2014, Bosch et al. 2013), an
indicator of stress and reduced productivity (Lu et al. 2004). Identification of areas of water
stress within floodplain forests can provide valuable information about floodplain hydrology that
can lead to improved understanding of BLH ecology and management.
Decreased water availability reduces leaf conductance (Meinzer 2001), limiting transpiration and
causing an increase in canopy temperature (Jones 1998, Monteith 1965). This phenomenon has
enabled a long history of methods for efficiently determining plant stress (Akhtar et al. 2013,
Jackson et al. 1981) in crops and forests (e.g., Luvall and Holbo 1989, Nemani and Running
1989, Sun and Mahrt 1994). In particular, remotely sensed canopy temperature is useful as an
index of water stress (Berni et al. 2009, Moran 1991, Nagler et al. 2003). Areas with
comparatively high land surface temperature (LST) are assumed to have less available water.
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This chapter previously appeared as Lemon, M.G.T., S.T. Allen, B.L. Edwards, S.L. King, and
R.F. Keim. 2016. Satellite-derived temperature data for monitoring water status in a floodplain
forest of the Upper Sabine River, Texas. It is reprinted by permission of Eagle Hill Institute.
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In addition, diel fluctuation in LST is higher in moisture limited areas (e.g. Carlson et al. 1981,
Carlson 1986, Gauthier and Tabbagh 1994), and accordingly used to identify areas of moisture
stress (Tramutoli et al. 2001).
In this study, we use satellite-derived (MODIS) land surface temperature (LST) data to
investigate spatial heterogeneity of water stress in a floodplain forest of the upper Sabine River.
The first objective is to determine whether the spatial patterns of diel fluctuation in LST are
comparable to spatial patterns identified by daytime LST anomaly. The second objective is to
identify inter-annual spatial patterns in LST during the growing season and determine whether
years defined by water scarcity result in greater spatiotemporal variability of LST. The location
of the study site in eastern Texas, USA, is characterized by periods of extended drought,
including during the study period. We hypothesized that during relatively wet years the LST is
relatively spatially homogeneous (LST anomaly is convergent between groups), while in drought
years there is more spatial variability (LST anomaly is divergent between groups) as water
sources become localized within the floodplain.
2.2 METHODS
2.2.1 Field Site Description
Old Sabine Bottoms Wildlife Management Area (OSB WMA) and the neighboring Little
Sandy National Wildlife Refuge (LS NWR) are floodplain BLH forests adjacent to the Sabine
River (Figure 2.1a, 2.1b). Dominant tree species include water elm (Planera aquatica), green ash
(Fraxinus pennsylvanica), sugarberry (Celtis laevigata), cedar elm (Ulmas crassifolia), water
oak (Quercus nigra), willow oak (Quercus phellos), overcup oak (Quercus lyrata), and several
species of hickory (Carya spp.) (Alden 1998). Soils are dominated by vertisols (shrink-swell
clays) with bands of coarser soils that outline former channels of the Sabine. There have been
substantial hydrological modifications in the Sabine watershed throughout the 20 th century in the
forms of reservoir construction, leading to reduced flood peak stages and lower variability in
river flows. Two large reservoirs, Lake Fork on a large tributary of the Sabine and Lake
Tawakoni on the main stem Sabine are directly upstream from the study site. Sabine River
modifications combined with increased frequency of drought conditions over the past decade
have presumably resulted in water stress for some floodplain trees, demonstrated by large tree
mortality events (Christopher Farrell, TPWD, OSB WMA, pers. comm.; March et al. 2012)
concurrent with the severe drought conditions in 2011 (Figure 2.1, 2.2). In addition, regeneration
of hydric adapted tree species has been minimal in these locations (March et al. 2012).
2.2.2 Data acquisition and processing
We used MODIS (1×1 km resolution) MOD11A2 8-day average land surface
temperature (LST) data (USGS 2014) from 2008-2014. Although a finer spatial scale is
preferable, other thermal sensors do not provide the temporal resolution required for this
analysis. The development and processing of this MODIS product includes corrections for
emissivity variation and removal of periods with clouds (Wan et al. 2002). Pixels within the
study area boundary were removed if they contained more than 20% permanent surface water,
any upland area, or recent clear-cut forest to minimize thermal contamination. This yielded a
total of 30 pixels (Figure 2.1). Only imagery from 1 May through 1 November was included to
restrict the analysis to the growing season. Nearby weather data were acquired from the National
Climate Data Center (GHCND:USC00414020), which were measured approximately 2 km away
8

Figure 2.1. (a) Location and grouping of study pixels within the study area. Darker pixels are
cool in temperature while brighter pixels are warm. (b) Location of study site within east Texas
and along the Sabine River. (c) Topographic map of study area derived from USGS National
Elevation Dataset with shading indicating 1 m bins in the floodplain. Stars indicate point
locations of observed mortality during 2011 drought.
at Hawkins, TX. River stage was measured at USGS gage 08019200 on the Sabine River near
Mineola, TX during the study period.
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Figure 2.2. Mean Land Surface Temperature (LST) calculated across all pixels from 1 May 2008
to 1 Nov. 2014.
2.2.3 Analyses
For each pixel and each 8-day LST composite, day LST was subtracted from night LST
to calculate the magnitude of mean diel fluctuation for each pixel across the study period. A
principal component analysis was then performed on these data (rows: pixels; columns: 8-day
mean diel fluctuation). Pixels then were ordered by mean diel fluctuation according to first
principal component scores , which were compared against mean daytime LST anomaly (mean
deviation of each pixel from the median LST of all pixels for each 8-day period) to test the
hypothesis that daytime LST anomaly arises because of diel fluctuation as would be expected in
water-limited canopies.
The spatial mean LST anomaly for the warmest ten, middle ten, and coolest ten pixels
(based on first principal component scores) were compared through time and against river stage
and recent rainfall. The effect of rainfall on soil moisture was estimated using the antecedent
precipitation index (API) as APIi = R + k×APIi-1, where R is rainfall occurring on day i and k is
0.9 (Linsley et al. 1949). All analyses were performed using MATLAB (Mathworks, Inc.,
Natick, MA).
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Figure 2.3. (a) 8-day mean Sabine River hydrograph at USGS gage 08018500 near Mineola, TX
from 1 Nov. 2007 to 1 Nov. 2014. Asterisks indicate overbank events at the study location (>
5.18 m at gage 08018500) (b) 8-day mean Antecedent Precipitation Index (API) index for soil
moisture from 1 Nov. 2007 to 1 Nov. 2014.
2.3 RESULTS
Overbank flooding only occurred five times throughout the study period (Figure 2.3a).
Pulses were short in duration except in 2008, fall of 2009, and late winter of 2010. In some
growing seasons, there were only a few, small peak flows well below bank full, and in 2011 the
river remained at low base flow for the entire growing season. Rainfall-controlled soil moisture
(API) was highest during the growing season of 2009 and lowest during 2011 (Figure 2.3b).
Peak soil moisture was typically higher during the late growing season; however, there were
short pulses of elevated soil moisture near the beginning of the growing seasons in 2008, 2010,
and 2014. The combined results from river flow and API distinctly showed greater water scarcity
in 2011 than other years. The wettest period occurred from the beginning of the 2009 growing
season through the start of the 2010 growing season.
The first eigenvector in the PCA analysis accounted for 90.5% of the variance of diel
LST variation and was thus an appropriate variable for differentiating pixels. Rank by diel
variation was also correlated with mean LST anomaly (Figure 2.4).
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Figure 2.4. Land Surface Temperature (LST) anomaly for each pixel sorted by the weight of the
first eigenvector of the diel variation from 1 May 2008 to 1 Nov. 2014. Color scale has been set
from -2 to 2 ºC in order to aid visualization but ranged from approximately -4 to 4 ºC.

Figure 2.5. Land Surface Temperature (LST) anomaly for three groups of pixels from 1 May
2008 to 1 Nov. 2014. The pixels were sorted in ascending order of the weight of the first
eigenvector of the diel variation with the low LST making up the first 10 pixels, the median LST
making up the middle 10 pixels, and the high LST group making up the last 10 pixels. Numbers
below data along x axis indicate mean difference of actual daytime LST between low and high
groups (ºC).
Pixels ranked by the first component of diel variation showed consistent behavior throughout the
study period, and the difference in LST anomaly between the warmest ten pixels and the
remaining pixels was greater than the differences among the two other pixel groups (Figure 2.5).
Similarly, LST anomaly of the warmest pixels was more variable than cooler pixels. The largest
divergence (highest variability) in LST anomaly was during the droughty 2011 growing season
12

with a mean difference between the warmest and coolest groups reaching 1.60, the largest of all
years (Figure 2.5).
Among-year trends in LST anomaly (Figure 2.5) match among-year trends in LST
(Figure 2.2). Both LST anomaly for the warmest pixels and raw LST values also reflect the
severity of drought in 2011 compared to all other years; pixel mean LST reached 36.5 ± 1.7 °C
during the growing season (Figure 2.2).
Increasing rainfall-controlled soil moisture corresponded with convergence of LST
anomaly between the warmest and coolest pixels (Figure 2.6). For river stages at or below
baseflow (~0.5 m), LST heterogeneity was high, however above baseflow there was an
increasing trend toward homogeneity in terms of LST (Figure 2.7). For stages near or above
bankfull (~5.2 m), there was convergence of LST, however the sample size of surface flooding
events during the growing season across the study period was extremely small (Figure 2.7). The
spatial distribution of the first eigenvector weights across the floodplain generally corresponded
to relative disconnection from the river in terms of topographic position and distance (Figure
2.1a).

Figure 2.6. Spatial variation in 8-day mean Land Surface Temperature (LST) anomaly as a
function of 8-day mean, rainfall-derived soil moisture (API).
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Figure 2.7. Spatial variation in 8-day mean LST anomaly as a function of Sabine River stage.
Asterisks indicate time intervals where stages at or above 5.18 m occurred.
2.4 DISCUSSION
The results indicate that heterogeneity of floodplain temperature generally increases in
drought years, in support of our guiding hypotheses. Convergence to a more homogeneous
condition was related to rainfall and stage of the Sabine River; however pixel temperature was
loosely organized by floodplain topography: warmest pixels were generally at higher
topographic positions which were loosely related to distance from the river. The relative lack of
overbank flooding events at the study site during the growing season could explain why the
relationship between growing season LST and river stage is not stronger, but the river still
seemingly affects the floodplain forest. This dichotomy remains unexplained for this floodplain
but is likely related to topographic variability controlling water availability from multiple sources
that are not well quantified by the simple hydrologic analyses we conducted for this work.
Although our analysis relied on the correlation between temperature and water stress,
there has not been sufficient research to identify canopy temperatures at which stress is sufficient
to affect growth, competition, or mortality. Given that there was substantial mortality in 2011
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(March et al. 2012), the high LST observed at that time was certainly indicative of high stress
events. However, mortality is usually associated with multiple-year droughts (e.g., Nepstad et al.
2007), so maximum temperatures alone are not necessarily useful indicators.
Dams and resulting hydrologic changes generally reduce peak flows while increasing low
flows (Brandt 2000, Graf 2001, Williams and Wolman 1984). Similarly, Magilligan and Nislow
(2005) found that dams can increase low-magnitude, high-frequency hydrograph variations and
decrease the average length of high pulses downstream. This type of pre-dam, post-dam analysis
has not been completed for the upper Sabine River. Although Phillips (2001) found no evidence
of a reduction in peak annual discharge of the Sabine River at the lowermost gaging station near
Ruliff Texas (USGS no. 08030500) despite multiple upstream dams, local effects on floodplain
forests have been documented in the lower Sabine River (Alldredge and Moore 2012) and are
likely also present on our study site due to its proximity to two large, upstream reservoirs. This
conclusion is supported by the low frequency of over bank flooding events that were not
sufficient to routinely cause floodplain-wide alleviation of drought stress (Figure 2.3a).
Alluvial aquifers are replenished during surface flooding events in floodplains (Winter
1999), and changes in the frequency, timing, and magnitude of these events can reduce water
availability to floodplain ecosystems. Additionally short-duration, high-flow pulses may not
cause long distance propagation of the floodplain water table as compared to long-duration, highflow pulses, even when considering sub-bankfull flows (Jung et al. 2004). Therefore, the
modifications upstream of our study site may be affecting subsurface hydrology and therefore
water availability to vegetation, particularly in floodplain areas with low subsurface hydraulic
connectivity to the river (e.g. distant and microtopographically higher in elevation).
Demonstrated dependence of LST on rainfall instead suggests vegetation relies on local
precipitation and other contributions to the riparian aquifer to replenish soil moisture during
times of low flows resulting from increased regional demand for water during drought periods.
With increased frequency of drought predicted for eastern Texas over the next century
(Orlowsky and Seneviratne 2012), further mortality events may be observed during severe
drought years in areas of low connectivity to the river.
In this study, decreasing connectivity in terms of elevation and distance from the river
was generally associated with decreased water availability as interpreted by high LST anomaly;
however, in other floodplains spatially diverse geomorphic features and complex groundwater
connections may result in more complex patterns of canopy temperatures. The course spatial
resolution of the study limits inferences about smaller floodplain features (i.e. sloughs, back
swamp ponding). Higher spatial resolution (<1 km) thermal imagery is required to investigate
patterns in canopy temperature related to smaller scale connectivity and therefore cannot be
addressed with our study. Remote sensing allows inference with greater spatial and temporal
frequency than field based methods. This in addition to field measurements enables identification
of specific mechanisms and development of detailed ecological conclusions without limiting
spatial extent. To increase the value of both techniques for purposes of research and monitoring,
coupled ground-based and remote sensing data collection and analysis is needed.
2.5 CONCLUSIONS
Land surface temperature (LST; a surrogate for plant water status) in the floodplain of the
upper Sabine River is most spatially variable during times of drought. Dependence of LST on
rainfall and spatial patterns suggest that vegetation in some regions of the floodplain is less
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hydrologically connected to the river. Areas less connected to the river and its influence had
greater temperature variations, indicating greater vulnerability to climatological drought.
Remotely sensed LST shows promise as a tool for better understanding the spatial distribution of
water stress within floodplains, which is expected to increase in relevance during times of
increased water scarcity from water management projects and climate change.
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CHAPTER 3: HYDROLOGICAL CONTROLS AND SOURCES OF
WATER FOR SHALLOW GROUNDWATER OF LARGE, FINE-GRAINED
FLOODPLAINS
3.1 INTRODUCTION
Floodplains are hydrologically diverse, receiving water from overbank events, hyporheic
and bank-exchange flows, local precipitation, tributary streams, and regional aquifers (Mertes
1997, Woessner 2000). These water sources recharge various floodplain water pools including
matrix water in soil micropores, mobile water in soil macropores, groundwater below the rooting
zone, impermanent surface storage ranging from ephemeral to seasonal, and permanent surface
water features such as oxbow lakes, sloughs, and other secondary channels (Banks et al. 2011,
Lewandowski et al. 2009, Lewin and Ashworth 2014, Mertes 1997). Interactions between water
sources and floodplain water pools is mediated through the geologic setting, soils, climate, and
ecosystem of the floodplain and associated rivers and watersheds with important implications for
floodplain ecology and biogeochemical cycling.
The behavior of floodplain waters is vital to the ecology of the biological communities
that are dependent upon these hydrological processes. The importance of surface flood
characteristics in structuring ecosystems in floodplain forests has been well documented
(Battaglia and Sharitz 2006, Kroschel et al. 2016, Hupp and Ostercamp 1996, Hodges 1997, Lin
et al. 2004, Piegay 1997, Salo et al. 1986, Streng et al. 1989). Further, floodplain plant
establishment, growth, and survival depend on the availability of soil moisture (Williams et al.
2006, Singer et al. 2013, 2014, Snyder and Williams, 2000). Although surface flood waters may
contribute a substantial volume to plant accessible water (Winter et al. 1998), other water such as
hyporheic and bank exchange, precipitation, and shallow groundwater are additional potential
sources for vegetation, particularly during the end of the growing season (Allen et al. 2016) or
following modifications that limit river, floodplain connectivity and thus surface flooding (Gee
et al. 2014).
Shallow groundwater can be an ecologically important source of water for floodplain
vegetation. Shallow groundwater acts as a source water for vegetation either through direct
uptake (Butler et al. 2007, Loheide et al. 2005) or through indirect replenishment of surface soil
moisture via capillary rise (Chen and Hu 2004, Lowry and Loheide 2010, Luo and Sophocleous
2010, Evans et al. 2018, Sophocleous 2002). Groundwater is thought to be especially important
in arid, semi-arid, and Mediterranean climates subject to large seasonal differences in
precipitation (Laio et al. 2001, Snyder and Williams 2000, Williams et al. 2006). Similarly,
floodplain ecosystems can experience large seasonal variability in water availability (Hupp
2000) and are subject to altered hydrology from river modifications that may result in reduced
water availability (King et al. 2012). Although the exact sources of water for floodplain
vegetation can vary spatially, temporally, and across different species, increased groundwater
levels can correspond with increased tree growth (Allen et al. 2016) while declines in
groundwater levels can reduce growth and cause mortality of floodplain vegetation (Scott et al.
1999, Stella et al. 2010).
Despite the ecological importance of understanding shallow groundwater dynamics in
floodplain systems, geological and soil conditions of some of the largest floodplains of the world
are not well represented in the experimental literature. The large majority of alluvial groundwater
studies have been conducted on coarse grained floodplains. In these systems, groundwater is
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made up of a combination of precipitation (Lewandowski et al. 2009, Pirastru and Niedda 2013),
surface floodwaters via vertical infiltration (Doble et al. 2012, Gratzer et al. 2019, Hester et al.
2016), river waters via bank exchange (Vidon and Hill 2004), regional aquifer systems (Winter
1995), and subsurface upslope drainage (Cirmo and McDonnell 1997, Hill 2000, Jung et al.
2004). The processes controlling floodplain groundwater fluctuation in these systems include
river fluctuations (Bates et al. 2000, Burt et al. 2002, Jung et al. 2004, Lewandowski et al. 2009),
local precipitation (Lewandowski et al. 2009, Pirastru and Niedda), and hillslope drainage (Burt
et al. 2002, Jung et al. 2004) with the response generally mediated by floodplain antecedent
moisture (Hester et al. 2016, Jung et al. 2004, Pirastru and Niedda), soil texture (Gillham 1984),
the presence of other floodplain water bodies (Grannemann and Sharp 1979, Lewandowski et al.
2009) and stratigraphy or subsurface inhomogeneities (Dochartaigh 2019, Grannemann and
Sharp 1979, Hester et al. 2016, Poole et al. 2002).
The simplifying assumptions of many previous studies of alluvial groundwater cannot be
effectively applied to large, fine-grained floodplains. Large river floodplains are composed of
heterogeneous soils that have been deposited by adjacent rivers over repetitive flood cycles.
Geomorphic features such as backswamps, natural levees, meander scrolls, and oxbow lakes are
associated with distinct sized soil fractions and structures creating a hydrologically
heterogeneous floodplain subsurface (Nanson and Croke 1992). Generally the sediments of finegrained floodplains are upward fining with coarse layers at depth and fine layers near the surface
(Autin and Aslan 2001, Gonthier 1996, Nanson 1980, Wolman and Leopold 1957). In lowvelocity backwater areas of large floodplains and throughout floodplains with high vertical
accretion rates, fine-grained surficial sediments can be greater than two meters thick and have
vertic properties characterized by shrinking and swelling behavior that corresponds with
floodplain wet and dry cycles. Modeling suggest vertical infiltration of river water infiltration is
limited in floodplains with a homogenous low hydraulic conductivity surface layer (Doble et al.
2012). Conversely, fine-grained soils of thickly forested floodplains contain roots, animal
burrows, and other biologically derived preferential flow paths in combination with layers of
coarser grained soils and soil cracks, all of which can provide preferential passage of water
around the low conductivity matrix (Bouma and Wösten 1979). This architecture results in a
complex mosaic of interacting flow pathways that complicate subsurface water movement
beyond what has been observed in small floodplains with less complex subsurface structure.
Previous studies on heavy clay soils in agricultural systems indicate that the concept of a
groundwater table is complicated by the nature of vertic soils (Armstrong 1983). The shrinkswell behavior of vertic soils results in variability in pore size distribution (Kutílek 1996) and
hydraulic conductivity (Das Gupta et al. 2006, Jabro 1996, Lin et al. 1998, Messing and Jarvis
1990) with changes in soil moisture. When vertic soils are dry, soil cracks provide preferential
passage of water at much higher velocities than in the adjacent matrix (Blake et al. 1973, Bouma
and Dekker 1978, Bronswijk et al. 1995). Alternatively, wet, swollen vertic soils have very low
matrix hydraulic conductivities. In floodplains, wet, swollen surficial clay layers can act as
confining units to deeper alluvial aquifers (Doble et al. 2012). However, the structured nature of
vertic soils can also result in rapid drainage of water via macropore networks within this
confining layer. Discontinuities in the macropore network can limit vertical drainage past the
shallow subsurface (Bouma et al. 1980). The term “internal catchment” has been used to describe
this phenomenon in which surface infiltration through macropore networks is captured by deadend pores resulting in variably connected, perched zones of saturation, causing reduced
connection to the alluvial aquifer systems below (Van Stiphout et al. 1987). This pool of water,
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often mistakenly interpreted as the groundwater table, is likely important for vegetation given its
location within the rooting zone and importance in providing a source of water for matrix
infiltration (Greco 2002).
Hydrological processes in clay soils are likely relevant to floodplain ecosystems given
their ability to mediate connectivity between various floodplain water pools. However, the extent
to which clay hydrology dominates over other large scale hydrological processes that control
connectivity such as flood characteristics is not well characterized. The processes controlling the
behavior and the chemical composition of the shallow groundwater pool likely differ
substantially from those of alluvial groundwater that has been more heavily studied. In addition,
perching and other processes specific to clay soils likely do not occur across all floodplains and
thus the behavior of this shallow groundwater pool likely varies depending on surface soil
structure and connectivity to deeper groundwater and other water sources. Characterization of
this shallow groundwater pool will provide insight into the role of vertic clay hydrology in
mediating larger scale floodplain hydrology and provide information about the importance of
potential sources to this ecological relevant floodplain water pool.
In this study, we use water level time series and isotopic composition of water from
shallow monitoring wells to explore the controls on the ecologically relevant shallow
groundwater pool across four large, fine-grained floodplains in the southeastern United States.
Specifically we aim to determine whether this pool of water is representative of larger alluvial
groundwater systems that are controlled by regional processes such as river fluctuation, or by
other, local-scale processes. Through this determination, we intend to characterize the shallow
subsurface architecture of large, fine-grained floodplains to evaluate how it varies across
floodplains of various degrees of modification and geomorphology and explore potential
ecological implications of the controls on this shallow groundwater pool and thus the relative
importance of clay hydrology. Given what we known about other floodplains, we hypothesize
that the shallow groundwater in study floodplains will be responsive to both river stage
fluctuation and precipitation. River stage fluctuation and river water recharge will likely be more
important during the winter and spring whereas precipitation will be more important later in the
year.
3.2 METHODS
We selected a broad-scale approach to characterize the behavior of shallow groundwater
of large, fine-grained floodplains. We installed a total of 33 shallow monitoring wells across four
floodplains with varying geomorphology, degrees of floodplain-river connectivity, and
modification history (Table B.1). Within each floodplain, shallow monitoring wells were
installed across a toposequence of soil types, elevations, and local hydrological conditions. This
approach was selected to capture the range of shallow groundwater behavior across a
heterogeneous system. Shallow groundwater monitoring was complemented with isotopic
analysis for δ2H and δ18O of over 3000 liquid samples collected from floodplain water sources
and pools including shallow groundwater, river water, precipitation, and other floodplain surface
water bodies. The paired sampling allowed us to differentiate sources and processes controlling
the shallow groundwater pool.
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3.2.1 Site description
We studied shallow groundwater at four study floodplains in Louisiana, Texas, and Arkansas,
USA (Figure 3.1a). All study floodplains are large and fine-grained but range in the degree of
hydrologic modification and floodplain-river hydrologic connectivity. Three of the study
floodplains are in the lower Mississippi River Alluvial Valley (LMAV). The LMAV has
been substantially modified primarily for flood prevention and navigation (Hudson et al. 2008,
Hupp 1992). Flood-control levees prevent overbank flooding throughout the entire lower river
valley while 20th century dredging and channelization caused channel incision in the Mississippi
River and lower portions of many tributaries (Edwards et al. 2016). In addition, agricultural
ditching and channelization have extensively been applied to smaller streams within the LMAV
(MRC 1972). The fourth study floodplain is in the West Gulf Coastal Plain and has been altered
hydrologically by upstream reservoirs (Randklev et al. 2016). All study floodplains are thickly
forested ecosystems characterized by a vegetation type known as bottomland hardwood forests
(BLH). Hydrological alterations are known agents of forest community change in these BLH
systems (King and Keim 2019).
Boeuf Wildlife Management Area (WMA) is between the Ouachita and Boeuf rivers in
the LMAV of northeast Louisiana (Figure 3.1b). Historically, this floodplain would have
received floodwaters from both rivers, however flood-control levees along the east bank of the
Ouachita River now prevent flooding from this source. In addition, the Boeuf River would have
received flows from the Mississippi River during intermediate frequency flood events (MRC
2004). Although drainage improvement completed in 1960s reportedly caused average stage
reductions of 0.3-1.2 m with up to 50-75% reductions in the duration of flooding in the Boeuf
basin (MRC 1972), this site currently receives long duration, high magnitude flooding from the
Boeuf River, likely in the form of backwater flooding from the confluence of the Ouachita River.
Due to the location of this floodplain at the confluence of the Ouachita River and Boeuf Rivers,
headwater flooding likely decreased but backwater flooding may have increased due to more
efficient drainage throughout the Boeuf basin. Soils at the Boeuf well sites range from coarse to
fine-grained, depending on location within the floodplain. Wells were installed in soils mapped
as Alligator clay (2 well sites, BF1 and BF3), Perry silty clay loam (1 well sites, BF7), and
Hebert silt loam (1 well site, BF2) (NRCS 2020).
Big Lake WMA is along the Tensas River in the LMAV of northeast Louisiana (Figure
3.1c). The Tensas River is a paleo-channel of the Arkansas River and was, prior to the
establishment of flood-control levees in the 1800s, a distributary of the Mississippi River.
Historically the Tensas River likely received water from the Mississippi River as frequently as
every one in four years (when Mississippi River gauge at Arkansas City passed 14-15 m, MRC
2004 which has occurred ~25 times since 1900, USACE). Upon levee construction, surface
connection to the Mississippi River ceased as did frequent surface flooding of the study area
from the Tensas River (MRC 2004). In addition, work to improve drainage completed in the
1960s reportedly caused average stage reductions of 0.3-1.2 m with up to 50-70% reductions in
the duration of overflow in the Tensas basin (MRC 1972). Surface ponding from rain still occurs
during the spring due to the low hydraulic conductivity backswamp soils that make up the
majority of the WMA. Soils for all well sites at Big Lake were mapped as Sharkey clay (BL1,
BL2, BL3, BL4) (NRCS 2020).
White River National Wildlife Refuge is along the White River, a large tributary to the
Mississippi River, in southeastern Arkansas (Figure 3.1d). Monitoring wells were established in
two sections of the floodplain. The northern location receives headwater flooding from the White
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Figure 3.1. (a) Locations of all four floodplains within the Lower Mississippi Valley and
Western Gulf Coastal Plain with adjacent rivers. Locations of river gauges, weather stations, and
precipitation isotope collection are identified as is the distribution of forested wetlands as
identified by the USFWS wetland mapping database. Inset maps of the (b) Boeuf (c) Big Lake
(d) White River and (e) Old Sabine Bottoms floodplains show well locations with the individual
floodplains relative to adjacent rivers and topography.
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River, whereas the southern section receives both headwater flooding and backwater flooding
from the downstream confluence with the Mississippi River (Edwards et al. 2016). Flood
frequency in both sections has been reduced by upstream dams (Craig et al. 2001, Gee et al.
2015) and in the lower section by channel incision particularly for high frequency backwater
flood events (Biedenharn and Watson 1997, Edwards et al. 2016). Soils at all White River North
(WRN) well sites were mapped as Sharkey clay, although field observations suggest that soil
texture is coarser on ridges than in swales. Soils at the White River South (WRS) well sites were
mapped as either Sharkey clay, Kobel silty clay, or Yancopin silty clay loam (NRCS 2020).
Old Sabine Bottom WMA is the only study site outside of the LMAV (Figure 3.1e). It
lies along the upper Sabine River in northeast Texas, downstream of two drinking-water
reservoirs that regulate Sabine River flows adjacent to the site. Surface flooding still occurs at
this floodplain but the site hydrology has likely been altered by the proximity of the floodplain to
two upstream reservoirs (Brandt 2000). Soils at the well sites within this floodplain were mapped
as Gladewater clay (NRCS 2020).
The texture of alluvial soils vary by local flood hydrology with fine-grained soils located
in backwater areas and relatively coarser soils in swift water areas. Generally downward
coarsening of soils, but with discontinuities and high local variability, has been reported for these
and many similar floodplains, and are related to the long and complicated histories of fluvial
geomorphological processes (Autin and Aslan 1999, Nanson 1980, Wolman and Leopold 1957).
The depth to coarse layers and thus the thickness of the alluvial aquifer confining layer varies by
site. Soil particle size information provides some information about well site soils within the 2m
well bore holes, but no floodplain scale data are available. At the Boeuf floodplain site, bore logs
supplied by Louisiana Department of Transportation indicate a 3-4 m layer of clay at the Hwy 4
bridge where the Boeuf River gauge is located. Below this depth, sands and gravel become
increasingly abundant. A layer of 4-6 m of clay is likely at the Tensas site, according to
groundwater modeling of the Mississippi Alluvial aquifer in Northeast Louisiana (Karakullukcu
et al. 2017). The general thickness of fine soils at the Old Sabine and White River floodplains
has not been broadly reported.
Particle size analysis was performed on soils from well boreholes at a selection of sites at the
surface and every 30 cm depth thereafter. Analysis was performed on a laser diffraction particle
size analyzer (S3500, Microtrac, Montgomeryville, PA, USA) (Jena et al. 2013) assuming
irregular particle shapes, transparent absorption coefficient (Özer et al. 2010), and a preset
refractive index for clay. Oven dried soils were digested with 30% H 2O2 prior to laser diffraction
analysis to remove fine organic material (Klute 1986). Approximately 0.5 g of air-dried soil was
shaken in a 2:9 solution of sodium hexametaphosphate and de-ionized water to deflocculate
aggregates. The laser diffraction method underestimates the clay-sized fraction relative to the
sieve-pipette method (Beuselinck et al. 1998). Soils at most well sites across the study
floodplains were made up mostly of clay-sized grains at some depth within the 2 m profile
(Figure 3.2). Soils at well sites in the Big Lake, Boeuf, and WRS floodplains largely consisted of
clay and small-silt-sized particles across the 2 m profile with the exception of site BF2 (Figure
3.2a, 3.2b, 3.2c, 3.2d, 3.2e, 3.2f, 3.2m). This well site is an old natural levee of the Ouachita
River and was composed of large-silt-sized particles with a thin clay layer around the 10 to 30
cm depth. Soils at well sites in the Old Sabine Bottom floodplain varied in grain size across the 2
m profile, with fine clays dominating within the top 1 m depth and more coarse grained material
below that (Figure 3.2g, 3.2h, 3.2i, 3.2k). Ridge soils at WRN well sites were composed of
generally sand-sized particles below a thin surface veneer of silts, while slough soils in this
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Figure 3.2. Sediment particle size distribution of soils with depth below ground surface (bgs) for
selected well sites in the (a-c) Boeuf (d-f) Big Lake (g-j) Old Sabine Bottoms and (k-m) White
River floodplains. Vertical lines denote boundaries between clay-silt (2 µm; dashed line) and
silt-sand (50 µm; solid line).
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section of floodplain were higher in clay and silt-sized particles throughout the profile (Figure
3.2k, 3.2l). The presence of sands at the WRN sites and some Old Sabine sites is indicative of a
thinner fine-grain soil confining layer compared to Big Lake, Boeuf, and WRS floodplains.
3.2.2 Monitoring wells and piezometers
At each site, shallow monitoring wells were installed to a depth of 2 m below ground
surface (bgs) across a range of topographic positions (Table A.1). The number of wells installed
varied by floodplain. In addition to these 2-m monitoring wells, some sites were equipped with
two additional wells at depths of 1 and 0.5 m bgs. All wells were equipped with non-vented
pressure transducers (Hobo U20-001-01, Onset Computer, Bourne, MA, USA). An additional
pressure transducer was positioned in a shaded area above flood stage at each site to correct for
atmospheric pressure fluctuations
Hourly river stage data were obtained from the closest gauge for each site: USGS gauges
for the Sabine River at Mineola (USGS 08018500) or the US Army Corps of Engineers gauges
for the Tensas River at Newlight, the Boeuf River at Fort Necessity, the White River at
Clarendon (WRN), and the White River at Norrel Lock and Dam (WRS). We obtained
precipitation data from the NOAA National Climatic Data Center for the nearest station to each
of the floodplains.
3.2.3 Isotope sampling and analysis
Isotope sampling of candidate source waters and shallow groundwater occurred at all
floodplains except at White River. Water was sampled from all monitoring wells at a bi-monthly
to monthly basis from March 2017 to January 2019. Wells were purged, allowed to refill, and a
sample of fresh inflow was taken. Samples of other source waters were collected simultaneously.
River water was collected daily using an automated sampler (6700 Model, Teledyne ISCO,
Lincoln, NE, USA). Precipitation was collected at the Louisiana Sweet Potato Research Station,
centrally located between the two Louisiana sites, and at the Old Sabine Bottoms WMA
headquarters (Figure 3.1a). Additional floodplain surface waters near well sites, including
intermittent and ephemeral sloughs, ponded areas, and oxbow lakes, were sampled
opportunistically and synoptically when water was present during groundwater sampling events.
All liquid samples were collected in 20 ml scintillation vials with zero headspace to reduce
kinetic fractionation.
Isotope analysis was conducted using laser ablation spectroscopy (LGR-IWA-45-EP, Los
Gatos Research, Los Gatos, CA, USA). Raw isotopic composition data were transformed using
three reference standards to the Vienna Standard Mean Oceanic Water (VSMOW) scale,
δ=Rsample/Rstandard-1, where δ is the deviation of the sample from the standard, R sample is the ratio
of 18O/16O or 2H/1H in the sample measured by the machine and R standard is the ratio of the
standard. Precipitation samples from Old Sabine Bottoms WMA and the Louisiana Sweet Potato
Research Station were used to calculate the local meteoric water lines (LMWL) using ordinary
least squares Regression; alternative regression techniques (Marchina et al. 2020) did not result
in substantially different LMWLs. The calculated LMWLs are not volume weighted due to large
uncertainties of precipitation volume. Line-conditioned excess (lc) was calculated for each
sample as using the equation lc=δ2H-a*δ18O-b where a and b are coefficients of the LMWL
(Landwehr and Coplen 2004).
Several procedures were used to reduce analytical uncertainty and to quantify error and
precision in the analysis of the isotope samples. For each sample and standard, only the last four
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of eight injections were used to reduce memory effects (Penna et al. 2012). We used the LGR
post-analysis software to detect potential errors as indicated by the laser absorption spectrum
which detected contamination of the spectrum in only two of 3010 liquid samples. These two
samples were discarded. Internal controls were used in all sample runs to account for
instrumental drift (Wassenaar et al. 2014). If the variance of the internal controls or any of the
four sample injections exceeded the reported machine precision of the instrument (0.2‰ for 18O
and 0.6‰ for 2H), all samples of that run were re-analyzed. Thus the precision of the sample
analysis equivalent to the machine precision.
3.2.4 Analysis of well hydrology
We compared temporal variation in monitoring-well water level, river stage, and
precipitation to assess floodplain water controls across time and space. We used river stage from
the nearest gauge and antecedent precipitation index (API) as calculated from precipitation totals
from the nearest weather station as coarse metrics for river and precipitation influence. API was
calculated as APId=kAPId-1+Pd where APId is the antecedent precipitation index for day d, Pd is
the rainfall for day d, and k is the empirical decay factor, 0.95 (Lindsay et al. 1985). To compare
water surface elevations between river and monitoring wells, we inferred effective well elevation
by equating monitoring-well water surface elevations and river stages during surface flooding
events. These elevations are “effective” because they include effects both of topographic
differences and of hydraulic grade lines between well sites and gauges. All river gauges were
located upstream of well sites except for the WRS gauge. Thus at sites with upstream gauges,
well site surface flooding could be due to backwater flooding in some instances causing the
relationship to deviate from the 1:1 line at lower river stages. At well sites that never experienced
surface flooding during the study (all Big Lake well sites), we estimated water surface elevations
using ground elevations obtained from the Louisiana Statewide Lidar Atlas database
(https://atlas.ga.lsu.edu/datasets/lidar2000/; vertical precision 2 ft). This data was not available
for the other sites. The gauge we used for the Big Lake floodplain was located in close proximity
to all well locations (Figure 3.1a).
3.3 RESULTS
Water level in shallow wells was highly seasonal with elevated water levels in all wells
across all floodplains for the majority of winter and spring (Figure 3.3). Water levels were low in
summer and fall with some precipitation events leading to short term increases in water level.
Seasonal wet-up was not associated with river flooding in most cases (Figure 3.3). The
relationship between water level as recorded by pressure transducers in wells and river stage was
highly variable, but there were some important patterns. Water levels in wells were almost
always higher than the river, across all wells and floodplains (Figure 3.4a) except when there
was surface flooding. Generally, wetter periods corresponded to higher river levels and well
water levels except for White River well sites. There was non-linear, threshold behavior in the
relationship between water level in the well and river stage at nearly every well, whereby low
well water levels mostly or only occurred at low river stage (Figure 3.4). The scatter around this
threshold stage varied across sites. At some wells, there was a distinct threshold that held over
multiple wet-up and dry-down cycles, but at other wells there was substantial variation in the
threshold stage across individual wet-up and dry-down periods. Analysis of wet-up and recession
behavior separately clarified interpretation of well behavior.
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Figure 3.3. Hydrographs for (a) BF1 (b) BF2 (c) BL1 (d) BL2 (e) OSB3 (f) OSB8 for the
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monitoring period. Color indicates times when the river stage was below (red) or above (blue)
the elevation of the well site. Solid, black, horizontal lines indicate ground surface.
3.3.1 Wet-up
Wet-up behavior was variable but there were two main patterns. The first type was local
precipitation control, characterized by rapid increases in water level to or near ground surface, in
advance of river stage increases. This pattern was observed at all of the Big Lake WMA sites
across all wet-up periods, indicating the dominance of precipitation in controlling initial
increases of well water level (Figure 3.4c). This pattern of wet up occurred at the highestelevation site at the Boeuf floodplain, BF2, across the entire monitoring period and at the
intermediate site at Boeuf, BF3, across the majority of monitoring period (Figure 3.4b). Wet-up
at WRS well sites was dominated by precipitation events, as it was also at many of the Old
Sabine and WRN wells during some portion of the monitoring period (Figure 3.4d-g).
The second type of wet-up response in wells was via direct river flooding, as inferred by
water level lagged behind river stage and the dominant floodplain-to-river gradient (floodplain
well water>river) observed at all sites for the majority of the monitoring periods reversed (Figure
3.4a). This occurred at the lowest elevation well at Boeuf WMA floodplain, BF1, for every wetup event of the entire monitoring period (Figure 3.4a). River-flood wet-up also occasionally
happened at the Old Sabine and WRN floodplain sites (Figure 3.4d, 3.4e, 3.4f). At the Old
Sabine floodplain, a river flood wet-up occurred in May 2017, August 2017, and October 2018
for all sites with exception of OSB6 and OSB8 (Figure 3.4d, 3.4e, 3.44). At OSB6 and OSB8,
river flood wet-ups only occurred in October 2018 and to a small extent in August 2017 (Figure
3.4e). At the WRN well sites, seasonal wet-up at all sites was controlled by the river with some
small precipitation water level occurring during the low water season (Figure 3.4f).
3.3.2 Recession
Water level recession behavior varied across wells, but there were some commonly
repeated patterns. Some wells receded abruptly at the low-river-stage threshold after seasonal
wet periods. This type of recession occurred exclusively at four sites including BF1, OSB6,
OSB8, and WRN9 (Figure 3.4a, 3.4e, 3.4f). All of these sites were depressional areas within the
floodplain that held water after flood or precipitation events but were not necessarily at low
elevation. The other common type of recession after seasonal wet periods was more gradual and
without strong thresholds in the well-river relationship. No well displayed this type of recession
across the entire monitoring period, rather it typically occurred at non-depressional sites after
high river stage periods. A third recession type that was observed at least once at every well site,
was rapid recession following precipitation-controlled wet-up. This was common at all sites
during the seasonally dry period in the summer and fall.
Most recessions consisted of two stages (Figure 3.5, 3.7). The initial recession was
gradual, followed by an abrupt transition to a more rapid recession curve. This behavior occurred
across all floodplains but not at all sites within each floodplain or for every recession. A
representative linearized mean recession rate of the first stage across all sites was ~58 mm per
day and ~260 mm per day at the onset of the second stage. Variability in the timing of the onset
of the second stage of recession varied among wells but generally followed the same well order
for each recession period (e.g., at OSB, well OSB1 or OSB7 always began secondary, rapid
recession first and well OSB6 or OSB8 nearly always began last, Figure 3.5). Timing was not
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related to distance from the river or elevation (Figure 3.6a, 3.6b) and did not follow any other
obvious

Figure 3.4. Water level in wells versus river stage colored by antecedent precipitation index
(API95) for (a) BF1 (b) BF2 (c) BL2 (d) OSB3 (e) OSB6 (f) WRN9 (g) WRS1 with the black,
dashed, diagonal line indicating the 1:1 relationship between water level in the well and river
stage at the nearest gauge. Observations above the 1:1 line are during a period in which the water
level in the well is greater than the river stage and observations below the 1:1 line are during a
period in which the water level in the well is less than the river stage.
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Figure 3.5. Select hydrograph of all 2 m wells at the Old Sabine Bottoms floodplain, an
instrumented slough, the old river channel, and the Sabine River main channel during (a) spring
2017, which shows an example of a precipitation wet-up on April 13, 2017 followed by a riverflood wet-up on May 1, 2017 and (b) summer 2017, which shows a second example of river
flood wet-up followed by a recession. The dual-recession behavior of the wells and the
difference in timing of the onset of rapid, secondary recession varied among wells. Black arrows
indicate sampling periods when wells were bailed.
patterns by geomorphology or soil properties except that depressional sites such as OSB6 and
OSB8 were typically the last wells to recede (Figure 3.5b). The Boeuf, WRN, and WRS well
sites also showed some variability in timing of recession, whereas Big Lake sites were the most
coherent (Figure 3.7). Co-located shallow and deep wells were generally synchronous in
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recession timing, but deep wells receded more rapidly in the second stage of recession (Figure
3.7b, 3.8).

Figure 3.6. Hydrograph of all 2 m wells at the Old Sabine Bottoms floodplain, an instrumented
slough, the old river channel, and the Sabine River main channel during the August 2017 riverflood wet-up and recession colored by (a) elevation and (b) distance to the river. Black arrows
indicate sampling periods when wells were bailed.
3.3.3 Stable Isotopes
The mean isotopic concentrations of groundwater for each study floodplain overlapped those of
precipitation and river water both for 2H and 18O (Figure 3.9, 3.10). Precipitation and river water
were isotopically similar at the Big Lake and Boeuf floodplains, making it difficult to determine
which water contributed more to groundwater (Figure 3.9). At Old Sabine, precipitation and river
water overlapped slightly but river water was more enriched both in 2H and 18O, presumably due
to evaporation from upstream reservoir (Figure 3.10). The isotopic range of water collected from
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the old Sabine river channel (“old channel”), the largest secondary channel in the floodplain, was
the only floodplain water pool to overlap with the isotopic range of groundwater. Other surface
water collected from both permanent (oxbow lakes, secondary

Figure 3.7. Hydrographs of all wells at the (a) Boeuf (b) Big Lake (c) WRS and (d) WRN
floodplains during select recession periods with asterisks highlighting dual recession behavior at
some wells in each floodplain. Black arrows indicate sampling periods when wells were bailed.
channels) and ephemeral (surface ponding in depressional areas) floodplain surface pools was
the most isotopically enriched (evaporated) collected at all floodplains. There was evidence of
evaporative enrichment in the groundwater samples collected at Old Sabine but not at Boeuf or
Big Lake.
Stable isotopic composition of groundwater was both temporally and spatially variable across all
floodplains; however temporal variability of groundwater was less than that of precipitation at all
sites and slightly lower than that of river water at Big Lake and Boeuf (Figure 3.11, 3.12, 3.13).
Temporal variability in groundwater isotopic composition was not synchronous with any single
source. Groundwater isotopic composition response to some precipitation events such as
Hurricane Harvey (September 2017; highly depleted rainfall, Figure 3.12) was apparent but the
resolution of our isotope data, the overlap between precipitation and river water isotopic
composition, and incompleteness of the precipitation dataset particularly in Texas prevented
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finer interpretation beyond basic directional trends. Spatial variability of isotopic composition
was high among wells, even for water collected from co-located wells during some sampling
periods (Figure 3.14). Spatial variability in shallow groundwater was highest at Old Sabine as the

Figure 3.8. Hydrograph of all wells at well sites (a) OSB3 and (b) OSB9 during the August 2017
wet-up and recession period. The timing of the rapid phase of recession is the same at each site
regardless of the well depth.
other sites, likely due to a greater number of wells and a higher frequency of shallow
groundwater presence.
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Figure 3.9. Dual-isotope plots of floodplain water sources at the (a) Boeuf and (b) Big Lake
floodplains with boxplots indicating the distribution of each floodplain water source for δ 2H and
δ18O.
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Figure 3.10. Dual-isotope plots of floodplain water sources at the Old Sabine Bottoms floodplain
with boxplots indicating the distribution of each floodplain water source for δ 2H and δ18O.
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Figure 3.11. Time series of (a) δ18O (b) δ2H (c) lc-excess of precipitation, river water, surface
water, and shallow groundwater for the Boeuf floodplain. The shaded blue area highlights the
range of groundwater isotopes across the monitoring period.
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Figure 3.12. Time series of (a) δ18O (b) δ2H (c) lc-excess of precipitation, river water, surface
water, and shallow groundwater for the Big Lake floodplain. The shaded blue area highlights the
range of groundwater isotopes across the monitoring period.
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Figure 3.13. Time series of (a) δ18O (b) δ2H (c) lc-excess of precipitation, river water, surface
water, and shallow groundwater for the Old Sabine Bottoms floodplain. The shaded blue area
highlights the range of groundwater isotopes across the monitoring period.
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Figure 3.14. Time series of (a) δ18O (b) δ2H (c) lc-excess of groundwater collected from the three
wells and surface ponding at OSB6.
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3.4 DISCUSSION
Overall, multiple lines of evidence indicate a complex subsurface hydrological structure largely
controlled by preferential flow through a variably connected macropore network. Structured
soils, such as the heavy clays of surface soils of many well sites, are known to have complex
flow behavior (Bouma 1981). However, the extension of this flow behavior to forested
floodplains and the relevance of heavy clay structure to floodplain hydrology has received little
study. This hydrological structure mediates the relationship between large-scale river
fluctuations and local floodplain waters in the study floodplains, resulting in precipitation
dominance of shallow groundwaters, except in specific situations. River control was evident at
low elevation sites and sites with highly connected subsurface structures (sand and large silt) and
during periods of low antecedent soil moisture.
3.4.1 Hydrology of variable connected saturated zones in fine-grained floodplains
The shallow groundwater pool of the study floodplains did not appear to resemble
alluvial groundwater systems of previous studies. Multiple lines of evidence support a variable
connected macropore network controlled in large by local scale processes rather than a
homogenous, responsive alluvial groundwater system (Figure 3.15, 3.16). The threshold
behavior observed at some well sites, variability in recession timing that is unrelated to distance
from the river, and the spatial variability in groundwater isotopes across individual floodplains
all support the idea that the shallow groundwater pool of large fine-grained floodplains is largely
composed of variably connected macropore networks. All three of these observations are
consistent with preferential flow through discontinuous macropores made up of cracks and voids
of biological origin and perching behavior reported by Armstrong (1983), Bouma et al. (1980),
and Comerma (1985) for vertic clays in agricultural systems. This pool of water is better
represented by the term variably perched macropore water than by shallow groundwater.
One key piece of evidence supporting the concept of variably perched macropore water is the
threshold behavior in recession, specifically at depressional sites, which indicates local source
control of well water level and the volume of macropore liquid reflected in the well water level
measurement. The threshold behavior in recession observed at the depressional sites (OSB6,
OSB8, WRN9, Figure 3.4e) is similar to behavior observed by Jung et al. (2004) in which
piezometric head in monitoring wells near the hillslope toe and in local “hollows” of the
floodplain showed a similar deviation from a linear relationship between river and water level
around the ground surface elevation. Those authors inferred a damming effect of hillslope runoff
by the flood wave with a relationship to distance from the river. Deviation of the relationship
between water level and river stage from linearity implies relative disconnection of the local
water level from river control. Although we cannot completely discount this explanation in this
study, there is no evidence that the timing of rapid recession is related to distance from the river
or elevation (Figure 3.5a, 3.5b), and many locations where we observed threshold behavior in
recession were far from uplands. Rather, the most likely conclusion is that the behavior observed
at depressional sites is related to a subsidy of ponded or near-surface water to the macropore
network as monitored by the well. Upon reaching sufficient surface wetness after precipitation or
river flooding, vertic surface soils swell, limiting vertical infiltration to a reduced volume and
likely nearly full macropore network (Stewart et al. 2015). Surface runoff subsequently occurs at
this threshold (Kutílek 1996) until surface pathways become disconnected from each other
through recession of floodwaters and macropore drainage. Microtopographically low positions
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Figure 3.15. Conceptual model of floodplain architecture during a wet period where rain likely
caused initial wet up. The river is important in controlling drainage and also contributing to
possible macropore subsidies.
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Figure 3.16. Conceptual model of floodplain architecture during a dry period where rain is
responsible for a quick increase in macropore level and recharging soil moisture. Gravity
drainage that is not limited by high river levels, infiltration into the soil matrix, and high ET all
play a role in exporting water relatively rapidly during the growing season.
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then continue to hold water until it is exported by evapotranspiration or gravity drainage and that
feeds connected macropore networks that are also losing water via these two processes (Figure
3.15). Once the surface subsidy becomes disconnected, macropore water levels drop much more
rapidly. Subsidies may also include other floodplain water pools such as oxbow lakes or nearsurface coarse layers. Grannemann and Sharp (1979) observed similar effects of perching from
soil “inhomogeneities” that caused deviation of shallow groundwater level from river stage;
however the likely importance of this phenomenon has not been emphasized.
The frequently-recorded, dual-phase recession - gradual initial recession followed by a
much more rapid subsequent recession - indicates multiple drainage processes and reservoirs.
There are two possible scenarios that could explain this behavior driven either by supply or
drainage. First, the discrete macropore network reflected by an individual monitoring well may
be subsidized by a pool of water during the first phase, slowing recession above drainagecontrolled rates. When such a subsidy is depleted, it would result in the rapid decline of the water
in the macropore network as we observed (Figure 3.15, 3.16). Although the nature of putative
subsidies are unclear, possibilities include temporary surface ponding, surface water features
such as oxbow lakes and contributions from larger macropore networks that become
disconnected upon reduction in water level. An example of such stage-dependent connectivity
was reported by Lewandowski et al. (2009), who found that oxbow lakes were more connected
to the adjacent alluvial aquifer during periods of high water due to greater hydraulic conductivity
of higher-elevation soil layers along the oxbow lakes. Alternatively, dual-phase recession may be
driven by drainage, in that, at some threshold, connections to more efficient drainage paths
become activated which could be site dependent. The exact nature of these drainage paths (e.g.,
their depths and connectivity’s) could be site dependent. It is unlikely that the dual-phase
recession is greatly affected by evapotranspiration because the rates are high. The linearized rates
of recession of ~58 mm/day for gradual and ~260 mm/day for rapid phases could only be
realistic for ET-driven recession if specific yield was 10% for the first portion of recession and
~2% for the second portion of recession, assuming an ET of ~5 mm/d. The role of ET cannot be
ruled out because information pertaining to the macropore volume and thus the specific yield of
the soil is unknown.
Temporal and spatial variability in the occurrence of dual-phase recession provide insight
into the potential drivers of this behavior. This behavior was most common after long seasonal
wet periods and less common after precipitation-induced water-level increases in otherwise dry
periods. Spatial variability in the timing of this break in recession rate is related to site location
but not necessarily distance from river or elevation, as other studies have found (Jung et al. 2004,
Grannemann and Sharp 1979). In all cases, co-located deeper (2 m) and shallow (1 and 0.5 m)
wells were synchronous in recession timing indicating some type of site specific or local scale
mechanism. Macropore structure largely controls the saturated hydraulic conductivity in vertic
soils (Bouma and Wösten 1979). Roots and other animal burrows likely provide pathways of
connection even during surface saturation (Mitchell et al. 1994). It may be that surface ponding
or the lack thereof is a substantial control on the hydrology of subsurface soils, as has been
reported in Sharkey clay soils (Slaubaugh 2006). Small changes in elevation in an otherwise flat
landscape determine the hydroperiod of a site. Small topographic elements such as tree throws,
gilgae topography, and woody debris jams may be substantial determinants of the duration of
surface ponding after precipitation or flood events (Jacob et al. 1997). Microtopography has been
shown to affect shallow groundwater processes in other wetland systems, including raised bogs,
through controlling the length scale between depressions (Van der Ploeg et al. 2012).
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Relatively high spatial and temporal variability in well water isotopic composition
indicate that well water is not a homogenous pool. The isotopic composition in groundwater
usually reflects the temporal average of precipitation over a large space and is thus constant
(Abbott et al. 2000, Clark and Fritz 1997, Frederickson and Criss 1999, Jasechko 2019, Fujimoto
et al. 2014). The variability in well water composition identified here supports the hypothesis
that fine-grained floodplains are dominated by shallow networks of macropores of variable size
and connectivity to other waters. This type of structure and the observed hydrological behavior
might be expected given the general heterogeneity of the floodplain subsurface and the reality of
extreme preferential flow in vertic soils (Berghuijs and Allen 2019). Lack of spatial and temporal
consistency in isotopic composition indicates that regional groundwater systems are not
dominating the variably perched macropore water network in the floodplain, and suggests this
water pool is likely often functionally disconnected from the deeper alluvial aquifer system.
Temporal variability in the isotopic composition of variably perched macropore water
reflects changes in source water contribution across time and space. Precipitation, river flooding,
and floodplain surface pools likely all play an important role in soil moisture recharge depending
on the timing of the recharge event and the connectivity of the local macropore network to
specific floodplain features. The variability in groundwater lc-excess with obvious periods of
enriched water contribution in addition to an isotopic composition that reflects well mixed
infiltrating precipitation or depleted winter precipitation (Sprenger et al. 2016) further supports
preferential recharge from variable sources. Infiltration of source water into macropore networks
is likely dependent on antecedent soil moisture and precipitation intensity and amount (Bouma et
al. 1981) with temporally variable contribution of surface pools driven by microtopography. In
addition, the high degree of spatial variability in the isotopic composition of shallow
groundwater of co-located wells further support this conclusion (Figure 3.11). Adjacent
monitoring wells, even those within meters of each other, may vertically bisect different
macropore networks recharged at different times or have different source water histories and
degrees of connectivity to other floodplain water pools.
3.4.2 Source water controls on variably perched macropore water
During the growing season, the floodplain and the river are largely disconnected,
representing separation of the floodplain ecosystem from the runoff system and most obvious
source of water, which has been observed in other systems (Brooks et al. 2010, Dawson and
Ehleringer 1991, Good et al. 2015). Precipitation appears to be most important source of
recharge for the floodplain, at least during the growing season which has also been recently
concluded at other floodplain sites in the LMAV (Berkowitz et al. 2019). Variables including
elevation, local topography, antecedent soil moisture, soil characteristics and spatial structure,
and precipitation event intensity, timing, and volume likely control the relative importance of
water sources. Throughout most of the monitoring period the hydraulic gradient across all
floodplain sites was from the floodplain toward the river. Considering the annual precipitation of
the study area ranges from a minimum of 1015 mm in Texas to a maximum of 1780 mm in the
lower Mississippi Valley (NCDC), it is expected that the floodplains are bounded by generally
effluent aquifers (Gronthier 1996). The apparent lack of riverine influence in controlling large
seasonal wet-up and isotopic composition during the growing season at some well sites suggests
that precipitation is an important source of water for variably perched macropore water and an
important control on the fluctuation of this pool. However, the role of river water in prolonging
seasonal wet period duration by influencing site hydroperiod (water subsidies) and potentially
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controlling drainage through coarse layers should not be overlooked. The large degree of
temporal and spatial variability of shallow groundwater isotopic composition across all
floodplains discounts the role of regional groundwater systems in contributing to and controlling
variably perched macropore water in these sites. Given the inherent likelihood of disconnections
between fine-grained soil layers over coarser alluvial aquifers, and the broad spatial support of
our field data, it seems likely that many large fine-grained floodplains behave similarly.
However, historical groundwater reductions at all sites have likely played a role in controlling
the observed floodplain hydrology. In addition, the importance of the regional aquifer in
controlling seasonal wet and dry periods was not specifically investigated and should not be
overlooked.
Comparing across floodplains, river stage was a larger controlling factor at sites with
higher surface and assumed subsurface connectivity (WRN and BF1). BF1 is low in elevation
and experienced frequent surface inundation by river water, while hydraulically conductive sands
at the WRN site likely enabled high subsurface connectivity. Sites lacking surface connectivity
either due to river modifications (e.g. Big Lake, White River South) or high elevations (e.g. BF2)
showed little to no riverine control over inferred subsurface water table levels. At these sites
local precipitation dominated.
Variably perched macropore wet-ups by river flooding at the Old Sabine floodplain are
more likely when local antecedent moisture conditions are sufficiently low or local precipitation
events preceding river floods are small. The most likely explanation of this behavior is related to
antecedent soil moisture, local precipitation intensity, and local precipitation volume (Bouma et
al. 1981). For example, the May 2017, August 2017, and October 2018 wet-up events were rivercontrolled for the majority of well sites while other wet-up events were precipitation controlled.
The August 2017 and October 2018 events occurred during seasonally dry periods when little
rain fell whereas the May 2017 event occurred in the spring. River control may be due to a lack
of local precipitation during these periods; however this is unlikely at Old Sabine given the
coupled nature of local precipitation and river stage at this site and well water fluctuation prior to
these flood events that indicate precipitation. Bouma et al. (1981) found that high antecedent soil
moisture resulted in more bypass flow due to matrix saturation. Lower soil moisture during river
flood wet-ups may have reduced the quantity of bypass flow and thus dampened the well water
response in the macropore network to the precipitation event preceding the flood. Alternatively,
or in addition to, dampened variably perched macropore response to precipitation during these
periods could have been due to lower local precipitation volume and intensity. Determination of
why these events were riverine controlled is limited by a lack of onsite precipitation volume and
intensity data.
The idea that low antecedent moisture conditions might increase the sensitivity of
response in variably perched macropore water to increases in river stage contrasts what many
other studies have found for alluvial groundwater. The degree of coupling between shallow
groundwater response and river fluctuations is generally thought to be greater under higher
antecedent moisture conditions (Hester et al. 2016, Jung et al. 2004) because of more efficient
pressure propagation in relatively wet soils. In our study, only under low antecedent soil
moisture conditions, possibly in combination with small precipitation events, did shallow
groundwater respond to increasing stage. In contrast, large precipitation events combined with
high antecedent soil moisture induced a local variably perched macropore water response that
persisted as local saturation and essentially prevented response to subsequent river stage
increases. Thus local perirheic waters essentially prevented the penetration of river water
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propagation into the floodplain when the floodplain was wet, as was observed by Berezowski et
al. (2019) in a surface flood model.
Given that antecedent soil moisture is important in determining the degree of coupling
between river and floodplain, the size of the watershed and the degree of correlation between
local precipitation and river flooding may be an important control on river-floodplain
connectivity in terms of variably perched macropore water. In this study, there was a high
temporal correspondence between flooding and precipitation at the Old Sabine, Boeuf, and Big
Lake floodplains (Figure 3.3a, 3.3b, 3.3c). Upstream dams (Old Sabine) and small watershed
areas coupled with artificially inflated runoff ratios from agricultural ditching (Boeuf, Big Lake)
control the high degree of coupling between flooding and precipitation at these sites. In contrast,
the watershed of the White River is much larger and influenced by backwater from the
Mississippi River. There was a general lack of correspondence between river flooding and local
precipitation in the White River floodplain which was likely related to this watershed area affect.
Coupling of precipitation and flooding may influence the apparent relationship between
floodplain waters and the river. Specifically, floodplains along large rivers may have a higher
degree of riverine influence than floodplains along smaller rivers. This is similar in concept to
the widely accepted importance of river floods in recharging groundwater in arid systems
characterized by extremely decoupled local precipitation and river floods (Benito et al. 2010,
Dahan et al. 2008). In our study, precipitation played an unexpectedly important role both in
controlling groundwater fluctuations and as a contributing source water for variably perched
macropore water which may be explained by the high degree of coupling at the smaller
floodplains. Thus the importance of locally sourced waters in both controlling shallow
groundwater fluctuations (Lewandowski et al. 2009), replenishment of underlying aquifers
(Doble et al. 2012), and providing source water for floodplain vegetation may be dependent on
the sizes of the floodplain and watershed.
Considering the fact that all of the study floodplains are impacted by modifications and
groundwater reductions to some degree, it is worth discussing whether the observed data
accurately reflect “natural” floodplain hydrology prior to alterations. Specific local impacts of
river modification are difficult to quantify given the lack of data prior to modification and the
potential interactions between multiple modifications that are mediated by local conditions (King
and Keim 2019). Reduction in flood frequency, magnitude, and duration are likely at all four
floodplains. Considering the concluded importance in possible surface subsidies in potentially
controlling recession behavior of variably perched macropore water, the importance of river
floods in prolonging seasonal wet periods should not be discounted. It is likely that flooding may
have prolonged seasonal wet periods and possibly had substantially larger controls on wet up
under historical conditions. In addition, small river floods during the seasonally drier period
would have potentially been more frequent (Edwards et al. 2016, Gee et al. 2015, Townsend
2001) and thus played a larger role in replenishing soil moisture in the growing season. In
addition, over pumping of large aquifers underneath all of the sites is known to be a problem
specifically in the Mississippi Alluvial Aquifer, the Sparta Aquifer, and the Carrizo-Wilcox
aquifer. Historical groundwater reductions may play a role in the currently observed floodplain
hydrology. Although specific mechanism are not well defined, it is likely that regional
groundwater tables were historically much higher which would have resulted in a wetter
environment in general and increased connectivity between the river and the floodplain. For
example, the Big Sunflower River in Mississippi now losses flow to regional groundwater
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systems due to groundwater table reductions and this loss in discharge reduces river floodplain
connectivity (Arthur 2001).
3.4.3 Ecological Implications
Although this study did not specifically address vegetation water sources, the apparent
importance of precipitation for recharging variably perched macropore water has potential
implications for floodplain vegetation. A diversity of potential sources of water to the floodplain
may buffer forested wetlands from the effects of climate change. The southeastern United States
is threatened with increased temperatures and a higher frequency of extreme droughts as a result
of climate change (Georgakakos and Zhang 2011, Hay et al. 2011, Orlowsky and Seneviratne
2012). Forested wetlands may be particularly vulnerable to these potential changes in
temperature and precipitation due to shallow root systems that are adapted to wet environments
(Kozlowski 1997). The combined effects of climate change and increased water demand (Brown
et al. 2014) will likely reduce river flows in already modified rivers. This change could further
reduce river flows and convert floodplain hydrological conditions to those favored by species
associated with drier habitats (Gee et al. 2014, Kroes and Brinson 2004, Shankman et al. 2012).
A diversity of water sources to shallow groundwater and soil water like at the Old Sabine Bottom
floodplain can increase the resilience of floodplain forests to hydrological change. In addition,
floodplains associated with large river systems with a low degree of coupling between local
precipitation and river flows may be especially resilient. Reliance upon only precipitation
sources may leave floodplain vegetation vulnerable to drought periods from shortened seasonal
wet up periods due to a lack of river flooding.
3.5 CONCLUSION
Precipitation is the dominant control of wet-up of variably perched macropore water of
large fine-grained floodplains, particularly during the growing season. River control of wet-up
was restricted to periods of low antecedent soil moisture, low elevations sites, and sites with high
assumed subsurface connectivity due to coarse grained sediment layers. However, river flooding
likely prolongs the seasonal wet period by providing subsidies to variably perched macropore
water and reducing the potential for drainage through coarse subsurface layers. Historical
reductions in groundwater level may have also contributed to the observed importance of
precipitation. The role of regional groundwater was not directly investigated and thus should not
be discounted. Floodplains with decoupled precipitation and river stages have a higher potential
for riverine control due to the higher likelihood that the river will encounter a dry floodplain that
has not been influenced by preceding precipitation. These findings are largely a result of the
presence of a complex subsurface hydrological structure largely controlled by preferential flow
through a variably connected macropore network that mediates the relationship between local
and large scale hydrological processes. Evidence supporting this structure include probable local
scale controls on shallow groundwater behavior in terms of threshold behavior in recession, dualphase recession timing, and variably perched macropore water isotopic composition. These
results have important ecological implications for floodplain vegetation including potential
vegetation vulnerability to changes in growing season precipitation and reduced river flows that
may shorted seasonal wet periods. In addition, characterization of the root zone hydrological
structure may provide insight for rooting behavior and vegetation source water.
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CHAPTER 4: SOIL WATER CONTROLLED BY PRECIPITATION AND
VAPOR CONDENSATION IN LARGE, FINE-GRAINED FLOODPLAIN
ECOSYSTEMS
4.1 INTRODUCTION
Floodplain ecosystems are threatened globally (Olson and Dinerstein 1998, Tockner and
Stanford 2002) due in large part to hydrological alterations. Dam and levee construction
combined with increased human water demand and climate change have substantially reduced
surface flooding from rivers in many forested floodplains (Hupp et al. 2009, Konikow and
Kendy 2005, Wharton et al. 1982, Salo et al. 1986). Although it is well established that the
floodplain forest community and tree growth are affected by floodplain hydrology (Allen et al.
2016, Battaglia and Sharitz 2006, Bertrand et al. 2014, Gee et al. 2014, Hodges 1997, Lin et al.
2004, Streng et al. 1989, Salo et al. 1987), the sources of water for floodplain trees have mostly
only been investigated in smaller floodplains and riparian systems (e.g., Bertrand et al. 2014,
Dawson and Ehleringer 1991, Singer et al. 2013, Smith et al. 1991, Synder and Williams et al.
2000). The temporal and spatial patterns in tree water sources in large, fine-grained floodplains
are not well characterized. Given the structurally heterogeneous nature of large, fine-grained
floodplains and the unknown implications of hydrological changes for tree source water,
increased understanding of floodplain tree water sources is needed.
Investigation of tree water sources in floodplain ecosystems requires simultaneous
characterization of potential source waters including precipitation, river water, and groundwater.
Large floodplains of the southeastern USA are generally characterized by large fluctuations in
seasonal hydrology with flooding historically common during the winter and spring periods
(Hupp 2000). Recharge of soil moisture has generally been attributed to river floods (Winter et
al. 1998); however, fine-grained surface soils that are common across large portions of these
floodplains are known to limit river flood recharge (Doble et al. 2012). Groundwater is also
thought to likely be an important source of water for floodplain trees (Shankman et al. 2012). In
a floodplain adjacent to the White River (Arkansas, USA) within the Lower Mississippi Alluvial
Valley (LMAV), increased groundwater levels were correlated with increased tree sap flux
(Allen et al. 2016, White et al. 1985), indicating groundwater is important in these systems via
either direct uptake by trees or indirect replenishment of surface soil moisture through capillary
rise (Evans et al. 2018). Local precipitation can also be an important source of water for
floodplain trees (Sargeant and Singer 2016). Tree growth may become even more dependent on
precipitation when surface flooding is eliminated or reduced through hydrological modifications
(Gee et al. 2014).
Identifying the source of soil waters in forested floodplain systems through application of
stable isotope tracers can provide important information for management of river systems and
the future trajectory of floodplain vegetation communities under increased water development
and climate change scenarios. Stable isotopes of water (δ 18O and δ2H) have been used to better
understand the transport, storage, and mixing of water throughout the hydrologic cycle (Kendall
and McDonnel 1998). Specific applications of stable isotopes to tracing water fluxes in the
critical zone have included investigations of the sources of groundwater recharge (Koeniger et al.
2016), plant water uptake (Dawson and Ehleringer 1991), flow paths (Garvelmann et al. 2012),
soil water mixing processes (Geris et al. 2015, Orlowski et al. 2015), transit times (Sprenger et
al. 2015b) and the partitioning between evaporation and transpiration (Dubbert et al. 2013).
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Application of stable isotopes of water to determine vegetation source waters have proved
successful in identifying water source partitioning by different species (Allen et al. 2019a),
across different depths (Meinzer et al. 1999, White et al. 1985, Yang et al. 2015), and across time
(Brinkmann et al. 2018, Smith et al. 1991). Stable isotopes of water have been applied in riparian
areas to identify whether trees use stream water (Dawson and Ehleringer 1991, Oerter et al.
2019, Singer et al. 2013) or groundwater (Bertrand et al. 2014, Smith et al. 1991, Synder and
Williams 2000). However, this method has yet to be applied in large, fine-grained floodplain
systems that are major components of the global hydrological system.
Regardless of the ultimate source, tree water uptake occurs in soils where many isotopic
transformations take place (Sprenger et al. 2016). This includes mixing of various water sources
and fractionating processes such as evaporation. Characterization of soil water throughout the
rooting zone is therefore required to interpret the xylem water isotopic composition and infer
water sources. Although significant effort has been applied toward better characterizing isotopic
transformations within the rooting zone (e.g. Allison et al. 1983, Barnes and Allison 1988,
Sprenger et al. 2016), significant gaps in understanding remain. Specifically, the degree of
interaction between mobile and matrix water is not fully constrained, particularly in field soils
with complex structures (Brooks et al. 2010, Goldsmith et al. 2012, Sprenger et al. 2018a).
Vertic clays make up a large areal extent of many large floodplains, particularly in low-velocity,
backwater areas. Hydrologic disequilibrium between mobile and immobile waters is most
extreme in structured vertic-clay soils (Jacob et al. 1997), which in turn likely complicates
isotopic transformation. The complexity of isotopic interpretation of clay soils is further polluted
by multiple, poorly understood interactions between oxygen and hydrogen isotopes in water and
solid-phase soil materials that can fractionate soil water (Gaj et al. 2017, Gaj et al. 2019, Lin and
Horita 2016, Oerter et al. 2014, Richard et al. 2007). Specifically, interaction between water and
ions in the clay matrix (Oerter et al. 2014, Phillips and Bentley 1987) and interaction between
water and the solid mineral itself (Lin and Horita 2016, Richard et al. 2007) cause fractionation
and complicate interpretation of soil-water isotopes.
The primary objective of the current study is to determine the sources of water for
floodplain trees in large, fine-grained floodplains. Specifically, we aim to determine the relative
importance of various source waters in contributing moisture to the vadose zone and supplying
soil moisture to floodplain vegetation in three floodplains in Louisiana and Texas, USA. The
secondary objective is to characterize isotopic transformations taking place in floodplain soils,
which is necessary to make inferences about tree water sources. Given the dynamic hydrology of
floodplain ecosystems, we hypothesize that the relative importance of local precipitation is
greater when river-floodplain connectivity is low, so that it increases over the growing season
during periods of seasonally low-river flows. Given the potential diversity of sources to the
vadose zone, the dominance of clays, and the heterogeneous structure of large floodplains, we
hypothesize that behavior of soil-water isotopic composition differs substantially from that
observed in upland soils and small riparian areas reported in other studies.
4.2 METHODS
We selected a broad-scale approach to investigate the isotope composition of large, finegrained floodplain soils. We sampled soils across three floodplains at three to four individual
sites within each floodplain over a two-year period. The isotopic composition of potential source
waters including precipitation, river water, shallow groundwater, and other floodplain surface
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water bodies was characterized at each floodplain (Chapter 3). Soil-water isotope sampling and
isotopic characterization of each floodplain occurred in conjunction with monitoring of shallow
groundwater levels through a network of 17 wells across all study floodplains (Chapter 3).
4.2.1 Site description
We studied vadose zone soil moisture and isotope dynamics at four study floodplains in
Louisiana and Texas (Figure 4.1a). All study floodplains are large and fine-grained but range in
the degree of hydrologic modification and river connectivity. Two of the study floodplains are in
the lower Mississippi River Alluvial Valley. The LMAV has been substantially modified
primarily for flood prevention and navigation (Hudson et al. 2008, Hupp 1992). Mainline levees
prevent overbank flooding throughout the entire lower river valley while 20 th century agricultural
ditching and channelization have impacted smaller streams within the river valley (MRC 1972).
The third study floodplain is in the West Gulf Coastal plain and has altered hydrology due to
upstream reservoirs (Randklev et al. 2016). All study floodplains are thickly forested ecosystems
characterized by a vegetation type known as bottomland hardwood forests (BLH). Hydrological
alterations are known agents of forest community change in these BLH systems (King and Keim
2019).
Boeuf Wildlife Management Area (WMA) is between the Ouachita and Boeuf rivers in
the LMAV of northeast Louisiana (Figure 4.1c). Historically, this floodplain would have
received floodwaters from both rivers; however, flood-control levees along the east bank of the
Ouachita River now prevent flooding from this source. In addition, the Boeuf River would have
received flows from the Mississippi River during intermediate frequency flood events (MRC
2004). Although drainage improvement completed in 1960s reportedly caused average stage
reductions of 0.3-1.2 m with up to 50-75% reductions in the duration of flooding in the Boeuf
basin (MRC 1972), this site currently receives long duration, high magnitude flooding from the
Boeuf River, likely in the form of backwater flooding from the confluence of the Ouachita River.
Due to the location of this floodplain at the confluence of the Ouachita River and Boeuf Rivers,
headwater flooding likely decreased but backwater flooding may have increased due to more
efficient drainage throughout the Boeuf basin. Soils at the Boeuf well sites range from coarse to
fine-grained, depending on location within the floodplain. Wells were installed in soils mapped
as Alligator clay (2 well sites, BF1), Perry silty clay loam (1 well sites, BF7), and Hebert silt
loam (1 well site, BF2) (NRCS 2020).
Big Lake WMA is along the Tensas River in the LMAV of northeast Louisiana (Figure
4.1d). The Tensas River is a paleo-channel of the Arkansas River and was, prior to the
establishment of flood-control levees in the 1800s, a distributary of the Mississippi River.
Historically the Tensas River likely received water from the Mississippi River as frequently as
every one in four years (when Mississippi River gauge at Arkansas City passed 14-15 m, MRC
2004, which has occurred ~25 times since 1900, USACE). Upon levee construction, surface
connection to the Mississippi River ceased as did frequent surface flooding of the study area
from the Tensas River (MRC 2004). In addition, work to improve drainage completed in the
1960s reportedly caused average stage reductions of 0.3-1.2 m with up to 50-70% reductions in
the duration of overflow in the Tensas basin (MRC 1972). Surface ponding from rain still occurs
during the spring due to the low hydraulic conductivity backswamp soils that make up the
majority of the WMA. Soils for all well sites at Big Lake were mapped as Sharkey clay (BL1,
BL2, BL3) (NRCS 2020).
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Figure 4.1. (a) Locations of all three floodplains within the Lower Mississippi Valley and
Western Gulf Coastal Plain with adjacent rivers. Locations of river gauges, weather stations, and
precipitation isotope collection are identified as is the distribution of forested wetlands as
identified by the USFWS wetland mapping database. Inset maps of the (b) Old Sabine Bottoms
(c) Boeuf (d) Big Lake floodplains show soil sampling locations with the individual floodplains
relative to adjacent rivers and topography.
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Old Sabine Bottom WMA is the only study site outside of the LMAV (Figure 4.1b). It
lies along the upper Sabine River in northeast Texas, downstream of two drinking-water
reservoirs that regulate Sabine River flows adjacent to the site. Surface flooding still occurs at
this floodplain but the site hydrology has likely been altered by the proximity of the floodplain to
two upstream reservoirs (Brandt 2000). Soils at the well sites within this floodplain were mapped
as Gladewater clay (NRCS 2020).
The exact depth to coarse layers and thus the thickness of the alluvial aquifer confining
layer is difficult to predict for any one site. At the Boeuf floodplain site, bore logs obtained from
the Louisiana Department of Transportation indicate a 3-4 m thick layer of clay at the Hwy. 4
bridge where the Boeuf River gauge is located. Below this depth, sands and gravel become
increasingly abundant. A layer of 4-6 m of clay is likely at the Tensas site, according to
groundwater modeling of the Mississippi Alluvial aquifer in Northeast Louisiana (Karakullukcu
et al. 2017). The general thickness of fine soils at the Old Sabine floodplain has not been broadly
reported. Soil particle size information indicates that soils at Old Sabine were generally higher in
fine clays within the top 1 m and coarser material dominated below 1 m, indicating thinner finegrained surface layers at this floodplain relative the Louisiana floodplains (Chapter 3, Figure
3.2). Soil texture in large, fine-grained floodplains depends on location relative to geomorphic
features. Generally downward coarsening of soils, but with discontinuities and high local
variability, has been reported for these and many similar floodplains, and are related to the long
and complicated histories of fluvial geomorphological processes (Autin and Aslan 1999, Nanson
1980, Wolman and Leopold 1957).
Many of the floodplain soils are composed of a high proportion of smectitic clay and
exhibit shrink and swell behavior with cracks observed during dry portions of the year (Chapter
3). Most soils are mapped by NRCS (2020) as Sharkey or Gladewater clays, which are both
smectitic soils. These clays are structured, in that there are macropores and cracks that provide
water flow routes through an otherwise extremely low-conductivity matrix (Jacob et al. 1997).
The low hydraulic conductivity of the matrix generally prevents advection of macropore water
into the matrix interior, however diffusion and subsequent isotopic equilibrium does occur
(Morales 2019).
4.2.2 Liquid water sampling
Potential source waters including precipitation, river water, shallow groundwater, and
surface waters such as ephemeral sloughs and ponds and permanent oxbow lakes and secondary
channels were sampled. Details of source water sampling are in Chapter 3.
4.2.3 Soil sampling
Soil sampling occurred at three sites each in the Boeuf and Big Lake floodplains and four
sites in the Old Sabine Bottoms floodplain. Each soil sampling site was instrumented with
frequency-domain reflectometry soil moisture sensors (ECH 2O 5TM, Meter, Pullman, WA,
USA) to measure volumetric water content (VMC) and temperature at 10, 40, 90, and 150 cm
below the surface. VMC measurements were uncalibrated and used only to obtain seasonal
patterns in soil wetness and temperature gradients between deep and shallow soils. Shallow
monitoring wells were installed to a depth of 2 m below ground surface (bgs) at each soil
sampling site. All wells were equipped with non-vented pressure transducers (Hobo Model U20001-01, Onset Computer, Bourne, MA). An additional pressure transducer was positioned in a
shaded area above flood stage at each site to correct for atmospheric pressure fluctuations.
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Hourly river stage data was obtained from the closest gage for each site: USGS gages for the
Sabine River at Mineola (USGS 08018500) or the US Army Corps of Engineers gages for the
Tensas River at Newlight, the Boeuf River at Fort Necessity. We obtained precipitation data
from the NOAA National Climatic Data Center for the nearest station to each of the floodplains.
A total of 1100 soil samples were collected as subsampled, hand-augured boreholes from
each site. Sequential sample holes were at least 3 m apart and were mostly refilled after sample
extraction to reduce disturbance effects on water flow through the soil. Soil sampling occurred
from May 2017 through December 2018 at Old Sabine and from May 2017 to January 2019 at
both Louisiana sites. Samples were collected at approximately monthly intervals throughout the
growing season (May-October) with two smaller winter sampling campaigns in both years at all
sites. Soil samples were from the surface and at depths of 10, 30, 60, 90, 120, 150, and 180 cm.
On some sampling dates the entire profile was not sampled due to saturation or extreme field
conditions and occasionally a sample was collected from 210 cm depth. Approximately 300-500
mL of soil was collected from each depth. Soil samples were immediately put into zip lock bags
in the field and securely sealed. Upon returning to the lab, the zip lock bags were quickly opened
and placed in pre weighed, 10 L, side-gusseted, metallized plastic coffee bags (PBFY Flexible
Packaging; Grahler et al. 2018), heat sealed, and placed in the freezer for future isotopic analysis
via direct equilibrium (Wassenaar et al. 2008). Special care was taken to avoid evaporation
during storage and sampling.
4.2.4 Xylem water sampling
Xylem sampling was performed by shooting down tree limbs using a shot-gun. Generally
four to six trees were sampled each sampling period within 30 meters of the soil sampling
location for each site. Xylem sampling occurred during the growing seasons of 2017 and 2018
with more samples collected in 2018. Fully suberized stems at least 2 meters from the end of the
branch were clipped from the limbs and the bark was removed by shaving (Dawson and
Ehleringer 1993). The xylem samples were quickly and securely sealed into zip lock bags in the
field. Upon returning to the lab, the zip lock bags were quickly opened and placed inside 10 L,
side-gusseted, metallized plastic coffee bags (PBFY Flexible Packaging; Grahler et al. 2018),
heat sealed, and placed in the freezer for future isotopic analysis via direct equilibrium
(Wassenaar et al. 2008). Special care was taken to avoid evaporation during storage and
sampling.
4.2.5 Soil and xylem sample analysis
Physical measurements of soil including gravimetric water content (GWC), percent
organic matter, and particle size measurements were completed for soil samples. Methods
described by Klute (1986) were used to determine water content and percent organic matter for
each soil sample. Particle size analysis for a sub-sample of soil is described in Chapter 3 of this
dissertation. GWC of each sample was measured by obtaining the fresh weight of each sample in
pre-weighed coffee bags prior to isotope analysis. After the completion of isotope analysis, each
sample was dried at 105°C for a minimum of 24 hours and weighed. This process was repeated
until there was less than three percent weight change between consecutive measurements.
Organic content of each soil sample was estimated using the loss on ignition method (Howard
1965). Sub-samples of oven dried soils were re-weighed, combusted at 550°C for two hours and
then weighed again to determine the estimated mass of lost organic material.
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4.2.6 Direct equilibrium methodology
Soil and xylem water isotopic composition were analyzed using the direct equilibrium
method (Wassenaar et al. 2008). Bags were removed from the freezer and left to defrost
overnight. The following day the samples were weighed and then inflated with dry air and heat
sealed. The inflated bags were left to equilibrate in the same room as the analyzer for 48-72
hours. Bags containing known liquid water standards and internal controls were prepared on the
same day using the same method and left to equilibrate with the samples for the same amount of
time. Thermometers (ONSET HOBO data loggers) were placed in the equilibration room
throughout the equilibration period to record the temperature at 15 minutes intervals to calculate
the temperature-dependent, free-liquid fractionation factor (α) for the samples (Majoube 1971).
Temperature was also monitored for large fluctuations to ensure equilibration.
Vapor headspace in the bags was sampled using Off-Axis Integrated Cavity Output
Spectroscopy (OA-ICOS) on a Los Gatos Research liquid water and water vapor isotope
analyzer (LWIA/WVIA) in continuous flow vapor mode (LGR-IWA-45-EP). The headspace of
equilibrated bags was sampled by inserting a stainless steel 18 gauge needle that was attached to
the intake of the isotope machine via laboratory grade PTFE plastic tubing. Real-time isotopic
composition and H2O concentrations were monitored for unusual behavior that might indicate
contamination from atmospheric vapor (low vapor concentration and more depleted isotopically)
or any liquid droplets that may have entered the tube. The absorption peaks were also monitored
for unusual behavior, especially for identification of organic contamination in xylem samples
(Millar et al 2018). If liquid was observed in the tube, the run was stopped and the tube was
flushed with dry air before sampling continued. The insertion point on the bag and the base of
the needle were covered with parafilm to create a more effective seal. A sampling time of 4
minutes was desired with at least a one minute run of lab air between consecutive samples. If
samples were suspected of contamination or were low in H 2O concentration, possibly indicating
incomplete equilibration (kinetic fractionation), the soil sample was resealed and analyzed on a
later date. If there was any indication of organic contamination, samples were discarded. Xylem
samples with low H2O concentrations were thrown out and not resampled due to the low amount
of absolute water in the samples and the high probability that sample would show kinetic
fractionation after one sampling event. Three standards were run first, followed by 10 samples
and an internal control, and the run ended with another round of standards. This progression was
repeated until the sample batch was completed.
To determine the final vapor isotopic composition, a temporal mean of the middle 2.5
minutes of the run was calculated. The first minute and last 30 seconds of the four minute runs
were excluded from averaging to reduce the probability of contamination from other samples,
atmospheric vapor, or liquid droplets that may have been sucked up when the bag was nearing
complete deflation. The ratio of sample humidity to standard humidity was calculated and any
samples below 90% were discarded. Run standards were calibrated to known values and samples
were corrected using this calibration curve. δ18O and δ2H vapor values were converted to liquid
values by using the free liquid α and the mean temperature throughout the period of equilibration
(Majoube 1971). Samples were transformed with reference standards to the Vienna Standard
Mean Oceanic Water (VSMOW), δ=Rsample/Rstandard-1, where δ is the deviation of the sample
from the standard, Rsample is the ratio of 18O/16O or 2H/1H in the sample measured by the machine
and Rstandard is the ratio of the standard. Precision of the instrument was calculated as 1.1‰ for
δ18O and 2.5‰ for δ2H, equal to the standard deviation of the internal control over all soil
sample runs.
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4.2.6 Constraining Uncertainty in Isotope Analysis
We conducted experiments to estimate the effects of three likely processes confounding
the isotope chemistry of the soil water. The first two processes may affect the calculation of soilwater isotopic composition when using the direct equilibrium method due to the interaction of
the effects of soil-water fractionation on the free water fractionation factor from surface affinity
of the clay mineral surface (Lin and Horita 2016, Lin et al. 2018, Mathieu and Bariac 1996,
Richard et al. 2007) and from ions in the soil water solution altering hydration sphere structure
(Oerter et al. 2014, Phillips and Bentley 1987, Taube 1954). The direct equilibrium method was
chosen for this study due to its relative precision, speed, and cost effectiveness (Orlowski et al.
2016). In addition, it is likely that the measured isotopic composition using direct equilibrium is
more representative of bulk water as compared to other methods of extraction due to speed at
which interlayer and adsorbed water equilibrate with atmospheric vapor (Savin and Epstein
1970). Nonetheless, these two biases are relevant for this method and must be constrained. First,
we performed a spiking experiment to help us constrain the combined effects of clay surface
affinity and ionic hydration sphere interactions on the free water fractionation factor. Second, we
used the linear equation relating the free water fractionation factor and molality to calculate the
likely maximum effect of ionic hydration sphere changes in our soils. And lastly, we performed a
couple of sampling experiments to help constrain the spatial isotopic variability in floodplain
soils (Goldsmith et al. 2018).
In situ equilibration of soils was used for the spiking experiment in which a Sharkey clay
soil monolith was submerged in deuterated water for over 2 months to come to assumed isotopic
equilibrium (Morales 2019). The soil was then removed and mixed together taking samples for
centrifugation and direct equilibrium analysis (split sample analysis, Sprenger et al. 2015a).
Although some soil-water isotope methodological investigations have baked and rehydrated soils
to manipulate isotopic composition, in situ equilibration avoids problems related to altered clay
structure upon baking (Gaj et al. 2019, Sprenger et al. 2015a) and incomplete removal of
interlayer and adsorbed water in clays at temperatures typically used to dehydrate soils in spiking
experiments (Gaj et al. 2017, Savin and Epstein 1970, and VanDeVelde and Bowen 2013). A
subset of samples were centrifuged at 5000 rpm for 15 minutes model following Orlowski et al.
(2016). The collected liquid was stored in 20 mL scintillation vials prior to liquid phase analysis
using the OA-ICOS Los Gatos Laboratories LWIA. The methodology described above was used
for the subset of soil samples analyzed via the direct equilibrium method. Liquid water samples
from the deuterated tank water were run in liquid phase.
Results were compared to experimentally derived fractionation factors of 1.0083 for α 18O
and 1.064 for δ2H at 100% humidity (Lin and Horita 2016, Lin et al. 2018, Mathieu and Bariac
1996). Results from this experiment show soils analyzed via direct equilibrium are slightly
enriched in 18O, with a mean δ18O of -2.5‰, compared to centrifuge water from soils (-3.6‰)
and the tank water (-3.9‰, Figure 4.2). This difference was slightly higher than the -0.5‰
enrichment predicted experimentally for δ18O by Lin and Horita (2016) for the effect of surface
affinity alone. In addition, analysis by the equilibration technique indicated soils were slightly
enriched in 2H, with mean isotopic composition of +65.7‰ as compared to +64.7‰ and +64.1‰
for centrifuge water and tank water, respectively. Enrichment by ~1.5‰ is less than the ~10‰
predicted experimentally for δ2H by Lin and Horita (2016) for the effect of surface affinity alone.
These differences are within the precision of the calculated precision of the instrument in vapor
mode.
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Figure 4.2. Isotope spiking experiment results in dual isotope space. Soil water that was
centrifuged is labeled “centrifuge” (red) and analyzed by direct equilibrium is label “DE”
(green). The water that the soil monolith was soaked in is labeled “tank”.
To estimate the magnitude of fractionation by ionic composition of the soil solution in
isolation, we used available data of ionic species and concentrations present in Sharkey soil from
the USDA (https://casoilresource.lawr.ucdavis.edu/see/#sharkey) and the α18O-molality curves
reported by Taube (1954). We estimated a ~1‰ depletion as the maximum effect of ions in
altering the free water α18O which is in agreement with the reported 1.55‰ depletion in Oerter et
al. (2014) for dry montmorillonitic soils. Unfortunately conversion of the soil isotopic
composition on a per sample basis is impossible given the uncertainty in the exact mineral and
ionic composition of each sample. In addition, the combined isotopic effects of soil moisture
(Orlowski et al. 2016), ionic concentration (Oerter et al. 2014), soil tension (Gaj and McDonnell
2019), and mineral composition (Gaj et al. 2017) has not been holistically assessed. The potential
effects of soil moisture and organic content were investigated to provide additional information
about the potential factors effecting the calculated isotopic composition of soils using the direct
equilibrium method.
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Investigation of spatial isotopic variability in soils resulted in some soils having very
similar isotopic composition and others deviating substantially from each other. Specifically we
estimate that variance of up to 2‰ in δ18O and up to 10‰ δ2H in the soil-water isotopic
composition is attributable to spatial variability alone. Soil samples were pooled together by
floodplain to avoid the effects of soil isotopic heterogeneity.
4.3 RESULTS
The study floodplains were characterized by large seasonal fluctuations in wetness
reflected in water level of shallow monitoring wells (Chapter 3) and soil moisture (Figure C.1,
C.2, C.3, C.4, C.5, C.6, C.7, C.8, C.9, C.10). Sites were generally wet and macropores were full
of free water from December until the end of May, and summer and fall were generally drier,
punctuated with occasional saturating precipitation or flooding events. All but three sampling
events took place during the relatively dry periods of late spring through early fall. The GWC of
soils generally declined from May to October, increasing thereafter (Figure 4.3a, 4.3b, 4.3c). The
mean GWC of shallow soils (< 30 cm depth) was consistently higher than that of deeper soils (>
30 cm depth) across all floodplains throughout the two year sampling period except for three
sampling periods (Big Lake, October 2017 and July 2018, Boeuf, October 2018). GWC of
shallow soils was more spatially variable than deep soils at the Big Lake and Old Sabine
floodplains (Figure 4.3b, 4.3c). Temporal variability of shallow soil GWC was generally higher
than that of deep soil GWC across all floodplains. During dry periods the mean GWC of shallow
soils was more similar to that of deep soils.
The weather and flooding sequences of 2017 differed from 2018 at all sites. In 2017,
there were no long-duration or high-magnitude floods at any of these sites (Figure 4.4b, 4.5b,
4.6b). At the Boeuf and Old Sabine floodplains, there were 4-5 short-duration, small-magnitude
flood pulses in spring and early summer (Figure 4.4b, 4.6b). Precipitation was more frequent in
May, June, and July of 2017 with the onset of the dry period not occurring until September for
all floodplains (Figure 4.4a, 4.5a, 4.6a). At the Old Sabine floodplain, there was a late flood
event in August 2017 (Figure 4.6b). In comparison, there was a large flood in early spring 2018
at the Boeuf and Old Sabine floodplains that receded by the beginning of May at Old Sabine and
June at Boeuf (Figure 4.4b, 4.6b). Although no riverine surface flooding occurred at Big Lake
during this period, the Tensas river stage was relatively high (Figure 4.5b). Spring flooding in
2018 was followed by a dry June and July at all floodplains (Figure 4.4a, 4.5a, 4.6a). This dry
period persisted at Old Sabine until October 2018 while precipitation totals at both Louisiana
floodplains in August, September, and October 2018 were similar to 2017.
The overall isotopic composition of the various floodplain water pools were similar to each other
with some distinct differences. River water, surface water, and xylem water pools were almost
entirely below the local meteoric water line (LMWL; Chapter 3) for all floodplains, while the
majority of soil-water samples were above the LMWL (Figure 4.7, 4.8, 4.9). The isotopic
composition of potential sources of water to floodplain soils were similar, complicating
interpretation of relative contribution. However, the most overlap was between soil water and
precipitation and groundwater at all sites (Figure 4.7, 4.8, 4.9), and between soil water and river
water at Boeuf (Figure 4.7). The temporal variability in soil-water isotopes was similar to that of
shallow groundwater and muted in comparison to precipitation (Figure 4.4, 4.5, 4.6).
Evidence of soil water response to precipitation was relatively strong, with ~15 out of 44 soil
sampling periods consistent with precipitation influence on soil water. There was a generally
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Figure 4.3. Gravimetric water content of shallow (<30 cm depth) and deep (>30 cm depth)
samples by sampling date for the (a) Boeuf, (b) Big Lake, and (c) Old Sabine floodplains.
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Figure 4.4. Time series of (a) precipitation, (b) Boeuf River stage, (c) δ 18O of shallow
groundwater, rain water, river water, shallow and deep soil water, (d) δ 2H of shallow
groundwater, rain water, river water, shallow and deep soil water, and (e) lc-excess of shallow
groundwater, rain water, river water, shallow and deep soil water for the Boeuf floodplain.
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Figure 4.5. Time series of (a) precipitation, (b) Tensas River stage, (c) δ 18O of shallow
groundwater, rain water, river water, shallow and deep soil water, (d) δ 2H of shallow
groundwater, rain water, river water, shallow and deep soil water, and (e) lc-excess of shallow
groundwater, rain water, river water, shallow and deep soil water for the Big Lake floodplain.
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Figure 4.6. Time series of (a) precipitation, (b) Sabine River stage, (c) δ18O of shallow
groundwater, rain water, river water, shallow and deep soil water, (d) δ 2H of shallow
groundwater, rain water, river water, shallow and deep soil water, and (e) lc-excess of shallow
groundwater, rain water, river water, shallow and deep soil water for the Old Sabine floodplain.
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Figure 4.7. The Boeuf floodplain water pools in dual isotope space
positive correlation between the δ18O and δ2H composition of precipitation in the month
preceding the soil sampling event and the δ18O and δ2H composition of soil samples taken that
day (Figure 4.10b, 4.10e). Although precipitation data was insufficient for fine interpretation,
patterns in temporal variations in soil isotopic composition that are consistent with rainfall
influence outnumber those for the river. For example, soil water at Big Lake was more
isotopically depleted in June 2017 than the previous month, following recent precipitation
(Figure 4.5c, 4.5d). Big Lake soil water also appeared to respond to depleted rain from Hurricane
Harvey in September of 2017 (Figure 4.5c, 4.5d). These events were particularly pronounced but
the isotopic composition of other sampling events was also consistent with preceding
precipitation influence, including the October 2017, December 2017, and June 2018. Soil isotope
composition appeared to respond to rain events at the Old Sabine floodplain in July 2017, August
2017, January 2018, June 2018, and November 2018 (Fig 4.6c, 4.6d). In addition, soils at the
Boeuf floodplain likely responded to rain in June 2017, August 2017, September 2017,
December 2017, and September 2018 (Figure 4.4c, 4.4d). Even during periods of apparent soil75

Figure 4.8. The Big Lake floodplain water pools in dual isotope space.
water response to recent precipitation, the lc-excess of soil water was typically higher than
precipitation for all floodplains (Figure 4.4e, 4.5e, 4.6e).
There were only two sampling periods that were clearly consistent with riverine influence
on soil water (Figure 4.4c, 4.4d; 4.6c, 4.6d). The soil isotopic composition in June 2017 at Boeuf
was depleted, with mean profile δ2H and δ18O of -19.4‰ and -4.8‰ as compared to -8.3‰ and 2.7‰ in May. There was isotopically light precipitation (mean δ 2H=-34‰, δ18O=-5.5‰) and an
isotopically light flood event (mean δ2H=-28.2‰, δ18O=-4.5‰) between these two sampling
events. Only two sites were sampled in June, BF2 and BF7, because the lowest site, BF1, was
flooded. BF1 and BF7 were inundated by river water during the event while BF2 was not
(Chapter 3). However, the June isotopic profiles of both BF2 and BF7 were depleted with the
isotopic composition of surface soils lighter and more positive in lc-excess as compared to deep
soils (Figure 4.4c, 4.4d, 4.4e), indicating surface infiltration. In July, soils at all Boeuf sites
remained depleted with the June event signal not dissipating until August 2017. Although it is
impossible to determine whether precipitation or river water created the response of soil-water
isotopes at BF1 and BF7, river flood inundation likely played some role.
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Figure 4.9. The Old Sabine floodplain water pools in dual isotope space.
The second example of possible riverine influence occurred at the Old Sabine floodplain in
August 2017. A late flood in August 2017 caused flooding at all Old Sabine well sites one day
before the August soil sampling campaign. Recent rains that likely led to the flooding were
isotopically heavier than usual and more similar to the isotopic composition of the adjacent
Sabine River (Figure 4.6c, 4.6d). It is likely that flooding may have had some influence on the
soil-water isotopic composition during this event because the mean values of soil-water isotopic
composition increased from the previous month while the lc-excess declined (Figure 4.6c, 4.6d,
4.6e). The isotopic composition of the river flood water and the precipitation were similar. As
with the Boeuf example, there is no way to determine the relative contribution of river flooding
and precipitation to the soil-water isotopic composition during this sampling event but it is likely
that both sources contributed. Shallow soils were more affected than deep soils, indicating that,
regardless of the relative contribution of each source, infiltration from the surface was the
dominant mechanism rather than through capillary rise or other subsurface pathways.
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Figure 4.10. Relationship between mean isotopic comp of soil (a-c) δ 18O, (d-f) δ2H, and (g-j) lcexcess to mean isotopic composition of (a, d, g) rivers, (b, e, h) precipitation, (c, f, i) shallow
groundwater, and (j) mean temperature difference between shallow (10 cm) and deep (150 cm)
soils on the day of soil sampling. Black lines in figure a-i are the 1:1 lines between the x and y
variables.
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The mean isotopic composition of soil water corresponded with the mean isotopic
composition of shallow groundwater for δ18O and δ2H for each sampling period (Figure 4.10c,
4.10f). Although shallow groundwater was not present in all sampling periods, there was overlap
between soil and groundwater isotopic compositions during ~25 of 44 sampling periods. At the
Boeuf floodplain these periods included May 2017, June 2017, August 2017, September 2017,
October 2017, December 2017, and June 2018 (Figure 4.4c, 4.4d). At the Big Lake and Old
Sabine floodplains, groundwater fluctuated similarly to soil water but was generally heavier in
δ18O than soil water across most sampling periods. Periods of potential shallow groundwater
influence at the Big Lake floodplain included May 2017, June 2017, July 2017, August 2017,
September 2017, June 2018, September 2018, and January 2019 (Figure 4.5c, 4.5d). At Old
Sabine these periods included, May 2017, June 2017, August 2017, September 2017, January
2018, June 2018, July 2018, November 2018, and December 2018 (Figure 4.6c, 4.6d). Overlap in
δ18O and δ2H of soil water and groundwater for the Old Sabine and Big Lake floodplains was
typically limited to shallow soil only. In addition, during periods of similarity between shallow
groundwater and soil-water isotopes, the lc-excess of groundwater was consistently more
negative than that of soil water across all floodplains.
There was consistently higher lc-excess in soil water relative to all other floodplain water
pools throughout the study period. Elevated lc-excess relative to other waters was particularly
pronounced in the May, June, and September 2018 soil samples at Boeuf (Figure 4.4e, 4.16). Lcexcess of Big Lake soil samples was more positive during these same periods and during
September 2017 (Figure 4.5e, 4.17). At Old Sabine, lc-excess was more positive during the June,
August, and September 2018 sampling periods (Figure 4.6e, 4.18). There was no relationship
between organic content or saturation and soil-water isotopic composition at any of the three
sites (Figure 4.11, 4.12, 4.13). Surface soil samples were heavier in isotopic composition and
lower in lc-excess, particularly, at Old Sabine, than deep soils (Figure 4.14) while 2018 samples
were on average lighter and more positive in lc-excess as compared to 2017 samples across all
sites (Figure 4.15). Isotopic composition appeared to be slightly related to GWC particularly at
Old Sabine, but this was likely an interaction between depth and soil moisture. There were a few
precipitation events in late 2017 and early 2018 at the Big Lake and Boeuf sites that were similar
in lc-excess to that observed in the soils in spring of 2018 (Figure 4.4e, 4.5e, precipitation data
not available for Old Sabine during this period). In addition, evidence of evaporation, indicated
by substantially lower lc-excess and enrichment of shallow soils relative to deep soils,
corresponded with dry periods (Figure 4.4e, 4.5e, 4.6e; October 2017 all floodplains; May 2018,
June 2018, August 2018 Old Sabine; June 2018, Boeuf floodplain; July 2018, August 2018 Big
Lake floodplain) and was generally more common in 2018.
Soil temperatures at 150 cm depth were generally lower than soil temperatures at the 10
cm depth from May to October (Figure 4.19e), i.e. during the growing season when the majority
of sampling was conducted. In 2018, the maximum temperature difference between deep and
shallow soils was higher and occurred early in the year (~May 30) as compared to 2017 (~July 1)
at all floodplains. The maximum temperature difference between shallow and deep soils on May
30, 2017 was 3.4°C and on that same day in 2018 it was 6.3°C. Precipitation and flooding events
disrupted the summer soil temperature difference by decreasing the temperature of surface soils
by ~3°C (Figure 4.19a, 4.19b, 4.19c, 4.19d, 4.19e). In addition, infiltration to 90 and 150 cm
depths occurred during the July 10th event while it did not occur during the June 20th event
(Figure 4.19a, 4.19b, 4.19c). Although the mean soil isotopic composition corresponded with the
mean isotopic composition of precipitation that fell in between sampling events and groundwater
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Figure 4.11. Soil water by percentage of mass loss on ignition in dual isotope space for the (a)
Boeuf floodplain (b) Big Lake floodplain (c) Old Sabine floodplain.
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Figure 4.12. Soil water by gravimetric water content in dual isotope space for the (a) Boeuf
floodplain (b) Big Lake floodplain (c) Old Sabine floodplain.
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Figure 4.13. Soil water by saturation percentage of vapor headspace relative to liquid standard in
dual isotope space for the (a) Boeuf floodplain (b) Big Lake floodplain (c) Old Sabine
floodplain.
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Figure 4.14. Soil water by depth in dual isotope space for the (a) Boeuf floodplain (b) Big Lake
floodplain (c) Old Sabine floodplain.
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Figure 4.15. Soil water date in dual isotope space for the (a) Boeuf floodplain (b) Big Lake
floodplain (c) Old Sabine floodplain.
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Figure 4.16. Soil water by sampling event for at the Boeuf floodplain for (a) 2017 and (b) 2018.
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Figure 4.17. Soil water by sampling event for at the Big Lake floodplain for (a) 2017 and (b)
2018.
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Figure 4.18. Soil water by sampling event for at the Old Sabine floodplain for (a) 2017 and (b)
2018.
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Figure 4.19. (a) Range of mean daily soil temperature difference between soil at 150 cm depth
and at 10 cm depth for all soil sampling sites, with inset example during summer 2018 (b)
precipitation 5-minute data at sampling site OSB9 (c) nominal VWC at each depth, (d) soil
temperature at each depth, and (e) temperature differences.
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collected the day of sampling for both δ18O and δ2H (Figure 4.10b, 4.10c, 4.10e, 4.10f), the mean
lc-excess of the soil water was substantially higher (above the 1:1 line) than the corresponding
lc-excess of both precipitation and groundwater (Figure 4.10h, 4.10i). The mean temperature
difference on the day of soil sampling had a stronger relationship with the mean lc-excess of the
soil water when the soil at depth was cooler than at the surface (Figure 4.10j).
The lc-excess of tree xylem water was the most negative of all pools of floodplain waters
(Figure 4.7, 4.8, 4.9). There was high variability in the isotopic composition of xylem water
within each sampling period, but xylem water was generally much heavier in δ 18O than all other
waters across all floodplains (Figure 4.20a, 4.20b, 4.20c). The range in xylem water δ 2H was
similar to the soil-water, δ2H range. The low sampling size of xylem samples relative to the
isotopic variability of samples made detection of temporal trends difficult, but overall water in
the trees appeared to be roughly on an evaporation line from the centroid of the cluster of soilwater points (Figure 4.20a, 4.20b, 4.20c). In addition, xylem water from the Bouef floodplain on
the August 15, 2018 sampling date were substantially more positive in lc-excess than any other
sampling period (Figure 4.20a). Although the meaning of the shift in xylem water during this
sampling period is difficult to interpret, it corresponded with relatively low GWC in shallow
soils (Figure 4.3a) and the most negative lc-excess in shallow soils of all sampling periods in
2018 (Figure 4.4e).
4.4 DISCUSSION
Precipitation and groundwater appeared to both be important sources of recharge for soil water
as inferred by the soil-water isotopic composition. The isotopic composition of shallow
groundwater resembled that of shallow soil water rather than deep soil water during the majority
of periods in which overlap in the isotopic composition between shallow groundwater and soil
water occurred. It is most likely this similarity is due to precipitation because the shallow
groundwater pool is largely controlled by precipitation in these systems (Chapter 3).
Precipitation is intercepted by shallow soils where it slowly infiltrates into the shallow soil
matrix as evidence by higher GWC at the surface and higher temporal variability in GWC, δ 18O,
and δ2H of shallow soil water relative to deep soil water. Precipitation also leaks into the
macropore network which is reflected by the shallow monitoring well response (Chapter 3). If
shallow groundwater was the source of moisture to soils through capillary rise, the isotopic
composition of deep soil water would be expected to more closely resemble the isotopic
composition of shallow groundwater, instead of the isotopic composition of surface soil water as
we observed. Alternatively, perhaps shallow groundwater is reflective of a temporally variable
and spatially discontinuous macropore network as proposed in Chapter 3. This structure and lack
of a uniform water table could lead to macropore water (i.e. shallow groundwater) that does not
follow a simple pattern with depth as would be expected in the case of capillary rise from a
uniform water table. The close relationship between the isotopic composition of precipitation and
shallow groundwater complicates interpretation, but it is possible that both processes may be
important for controlling isotopic composition of soil water. However, precipitation appears to
be the ultimate source of water for soil moisture regardless of the mediating role of the shallow
groundwater pool.
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Figure 4.20. Soil and tree xylem water in dual isotope space by sampling period for the (a) Boeuf
floodplain (b) Big Lake floodplain (c) Old Sabine floodplain.
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Two other pieces of evidence support the conclusion that precipitation was the dominant
soil moisture source. First, precipitation had a bigger apparent effect on alleviating drought stress
compared to river stage (Chapter 2); second, precipitation was the most important control on
shallow groundwater levels for the majority of well sites at Old Sabine (Chapter 3). In addition,
the seasonal fluctuations largely appear to be controlled by precipitation (Chapter 3). Few studies
have found rivers to be an importance source of soil moisture recharge explicitly (Hester et al.
2016, Krause and Bronstert 2007) while many studies have found that rivers are important in
both controlling groundwater levels (Bates et al. 2000, Jung et al. 2004) and recharging
groundwater (Doble et al. 2012, Gratzer et al. 2019). The results of this project cannot
completely discount that floods may be important sources of recharge to floodplains of our
region: we lacked samples immediately following flood events, and, in fact, isotopic evidence
from two sampling periods at two floodplains was consistent with river flooding affecting soil
isotopic composition. Also, both at these floodplains and at others, any growing-season flood is
likely to either enhance or prolong recharge above what would have happened with only a simple
rain event. However, the results of this research clearly show that flood recharge events do not
create long-lasting and dominant effects on soil-water isotopic composition. The majority of the
isotopic evidence indicates that precipitation is an important source of water for floodplain soils,
particularly during the dry periods of the year. In this way, the study floodplains are like other
studies of tree water sources in lowland areas that have similarly concluded that precipitation is
an important source of water (Seargeant and Singer 2016). Also, results of our study indicate that
groundwater and hyporheic water are not dominating soil moisture, in contrast to studies of the
isotopic composition of soil water in smaller riparian zones that have observed low temporal
(Sprenger et al. 2018b) and depth variability (Garvelmann et al. 2012) in the soil-water isotopic
compositions.
It is possible that altered river flood frequency, magnitude, duration, and timing may have
resulted in the observed lack of importance of surface flooding in controlling the soil-water
isotopic composition and floodplain soil moisture. All three of our study floodplains were
substantially modified with Big Lake essentially no longer receiving surface floods from the
river at all. Boeuf and Old Sabine still experience surface flooding from the adjacent rivers, but
the impacts of within watershed modification such as agricultural ditching and channelization in
the case of Boeuf and large upstream reservoirs in the case of Old Sabine on the overall
hydrology of the site cannot be discounted. It is likely that these floodplains in their natural state
would have had higher groundwater levels through higher river stages and greater connectivity in
general (Hupp et al. 2009, Sophocleous 2002) which may have increased the importance of
groundwater in maintaining soil moisture historically through drainage control. In addition, small
river floods during the seasonally drier period would have potentially been more frequent
(Edwards et al. 2016, Gee et al. 2015, Townsend 2001) and thus played a larger role in
replenishing soil moisture in the growing season.
Surface flooding plays an important role in controlling community composition of
forested floodplains through regeneration processes (Kroschel et al. 2016). Modification can
alter the relationship between tree growth and flooding, increasing the relative importance of
precipitation (Gee et al. 2014). Allen et al. (2016) demonstrated that community competition
dynamics can be affected by flooding and groundwater levels while Shankman et al. (2012)
concluded groundwater acts to sustain BLH forests at the western edges of the forest
community’s distribution. Although, the impact of previous modifications to the study
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floodplains and the relationship of these modifications to the observation of precipitation
importance remains unknown, it is likely important for floodplain ecological processes. The
importance of precipitation in controlling soil moisture is relevant to the future of forested
floodplains in this region. Potential changes in the frequency, intensity, and timing of
precipitation due to climate change may result in changes to the forested wetland community in
the future, particularly in highly modified sites. Reliance on one source of water for a large
proportion of the growing season may make these ecosystems more vulnerable to future climate
change especially at the edges of the BLH forest range.
4.4.1 Mixing and fractionation of water in soil
Transformational processes in the soils that include mixing and fractionation cause soil
water to deviate from the isotopic compositions of infiltrating precipitation (Sprenger et al. 2016)
but the nature of those processes and their consequences in floodplains and clay soils have
received little study. Soil water at study floodplains behaved similarly to upland soils in that
precipitation was a controlling factor on soil-water isotopic composition. The importance of
precipitation in shaping the isotopic composition of floodplain soils was unexpected given the
general observations that riverine influence dominates riparian soil-water isotopes (Garvelmann
et al. 2012, Sprenger et al. 2018b). In addition, evaporation processes as evidenced by relatively
low lc-excess and isotopic enrichment in shallow soils compared to deep soils were also
observed particularly during dry periods of the year. The frequency of occurrence of evaporation
control was also greater in 2018 compared to 2017 when late growing season precipitation and
floods likely eliminated this signal through mixing (Sprenger et al. 2016). Seasonality of
evaporation signals has been observed in upland soils (Ferretti et al. 2003) but the importance of
this process in shaping the isotopic composition of floodplain soils has not been explicitly
recognized in the literature. High humidity conditions, common in densely forested floodplains,
can reduce the isotopic fractionation effect of evaporation in surface soils (Zhang et al. 2010).
This is likely why the influence of evaporation was limited to the driest and likely warmest
periods of the study which is in agreement with findings of other studies (Hsieh et al. 1998).
4.4.2 Factors contributing to high lc-excess in soil water
Soil-water isotopic composition deviated substantially from precipitation and
groundwater in lc-excess (above the LMWL) during most sampling periods. There are several
plausible explanations as to why our soil samples lie above the LMWL: analytical uncertainty,
selective recharge, or a fractionating process in soils.
4.4.2.1 Constraining analytical uncertainty
Given the relative position of other liquid water pools that were not subject to the same potential
fractionation effects of soil water to the LMWL, movement of the soil-water centroid either by
+0.25 to +0.75‰ in δ18O or -3 to -6‰ in δ2H would bring the majority of soil-water samples in a
range more characteristic for soil water. Two sources of potential analytic bias are the effects of
surface affinity (Lin and Horita 2016, Richard et al. 2007) and ionic hydration (Oerter et al.
2014, Phillips and Bentley 1987) on fractionation of equilibrated vapor and through alteration of
the free-water, liquid to vapor fractionation factor (Figure 4.21). Evaluation of the potential
effects of these biases on the isotopic composition of soil water alone and in combination with
each other provided insight about the best path of soil-water isotope interpretation. First, the bias
“surface affinity δ18O” would bring the centroid of our samples further above the LMWL and
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Figure 4.21. Mean of floodplain waters pooled across all three floodplains in dual isotope space
with the five different analytical biases depicted by different colors. The orange ellipse is the
current distribution of the isotopic composition of all soil water samples. The three colored
arrows depict directional movement of the centroid for the individual effects of each bias with
same colored asterisk and ellipses depicting movement of the centroid and soil water cloud
respectively. Combined effects of two combination of biases are shown by the ellipses and
asterisks and are colored in dark gray and pink.
thus not result in a different interpretation of the data. This shift is in fact the most likely as the
magnitude of the bias (~ -0.5‰) is close to the mean difference (~-1.4‰) between centrifuged
soils and soils analyzed using direct equilibrium in our experiment. Second, the bias “surface
affinity δ2H” would bring the centroid of our samples below the LMWL but much more depleted
than all other possible sources which is highly unlikely. Third, the bias “surface affinity δ 18O +
δ2H” is similar to “surface affinity δ2H” in that it brings the centroid of the samples below the
LMWL but much more depleted than any other source water. Fourth, the bias “hydration sphere
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δ18O” would bring the centroid of the samples below the LMWL within range of all other
possible samples. This bias is most consistent with reported observations of soil water in other
studies and with our calculation of the hydration sphere effect using Taube (1954), but our
experimental results are in direct opposition of this effect and we thus think it is unlikely. Lastly,
the bias “surface affinity δ2H + hydration sphere δ18O” also brings the centroid of the samples
too far beneath the LMWL, out of the range of any other source water. Deviation from an
additive relationship of these bias is likely and would result in some other unforeseen movement
of the soil water in dual isotope space. Given this information and the uncertainty about
interactions between fractionating mechanisms, we think interpretation of the soil-water samples
as measured is the most effective method.
4.4.2.2 Selective recharge
Positive lc-excess was unexpected and has rarely been observed in soil water in the field.
In some cases, high lc-excess has been attributed to selective recharge of isotopically light
precipitation (Hseih et al. 1998, O’Driscoll et al. 2005, Bertrand et al. 2014) and distillation
driven by atmospheric temperature gradients (Zhang et al. 2010) and daily soil temperature
gradients (Kurz-Besson et al. 2006). Each of these possibly occurred in this study.
It is possible that precipitation events selectively recharged the soils. Events of December 2017
and January 2018 were isotopically light and of a similar magnitude in lc-excess as soil water
measured in May, June, and July 2018 at the Louisiana sites. In addition, hydrometric data
reflect the fact that the seasonal wet up in December of 2017 was driven by threshold response to
one precipitation event (Chapter 3). This phenomenon may indicate selective recharge, in that
the water first arriving after a dry period has a disproportionate control on the isotopic
composition of soil water even months later. This has been observed in highly seasonal climates
such as Mediterranean (Brooks et al. 2010, Rempe and Dietrich 2018) and arid (Ehleringer et al.
1991) systems. Similar threshold responses in seasonal wet up were observed at the Old Sabine
floodplain during the winter of 2017-2018 (Chapter 3), indicating that selective recharge is
possible at this site also. Although selective recharge may explain some of the differences in soilwater isotopic compositions between years, it does not explain why lc-excess increased at all
sites from May to June 2018 or in late summer 2018. Further, it does not address the fact that the
majority of soil-water samples at all floodplains were above the LMWL across the study period.
Lastly, seasonality of precipitation is generally low for these locations (Allen et al. 2019b), so
that if selective recharge is occurring it will be difficult to trace this recharge to a particular
season as has been performed in other locations (Allen et al. 2019a). Rather, the isotopic
behavior of selective recharge would be stochastic across years.
4.4.2.3 A fractionating process in soils
Distillation via a vapor condensation process is another likely explanation for positive lcexcess soil water. The potential domination of vapor condensation in the soil isotopic signature,
particularly deeper in the profile, requires fractionating distillation processes to occur. The
dominant control on vapor pressure within the pore system is temperature and matric potential
which both control the threshold at which condensation occurs. Diurnal fluctuations in the soil
temperature gradient can cause vapor flow from warmer to cooler areas where condensation may
occur (Abramova 1969, Philip and de Vries 1957). Vapor evaporating into the soil pore air space
undergoes equilibrium fractionation from the liquid phase to the vapor phase due to differences
in the saturated vapor pressure between heavy and light isotopes and subsequent kinetic
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fractionation from the difference in the vapor diffusivities of heavy and light isotopes. The
degree of kinetic fractionation depends on the tortuosity and the isotopic gradients of the
diffusion pathway (Soderberg et al. 2012). In addition, vapor moving through the soil will likely
partially exchange with liquid water along its path possibly leader to further distillation.
Distillation processes could result in the depleted soil-water isotopic composition
observed in the study. Barnes and Allison (1984) showed that an area of depletion in a zone
below the surficial zone of evaporative enrichment can occur in the soil profile under nonisothermal evaporating conditions. Thus potentially, the thermal gradients observed during the
growing season could induce a vertical vapor condensation distillation (Figure 4.22). The fact
that the GWC at the surface was almost always higher than at depth creates a situation in which
vapor from surface soils may be traveling via unsaturated vapor pathways to cooler deeper soils
and condensing there. Not all macropores participate in infiltration (Bouma et al. 1977, Morales
2019) and thus these empty voids would be available for vapor transport. A similar distillation
process, but invoking atmospheric temperature gradients instead of internal soil temperature, was
postulated by Zhang et al. (2010) in which surface soils were above the LMWL but below the
fog line. Periods defined by larger differences in soil temperature with depth corresponded with
more positive lc-excess in soil water (Figure 4.10j) which is consistent with this mechanism.
Anisothermal vapor distillation could also explain previous observations of depleted, high-lcexcess soil-water isotopes at depth (Oshun et al. 2016, Bertrand et al. 2014) and depleted bulk
water as compared to mobile water (Sprenger et al. 2019). However, two pieces of evidence
suggest vertical vapor distillation is not likely responsible for high lc-exess in soil water. First,
although the lc-excess of deep soils were more positive overall relative to shallow soils, the lcexcess of shallow soils were similar to the lc-excess of deep soils during periods of overall
elevated lc-excess. In addition, high-lc-excess has been rarely observed despite the fact that
growing-season temperature gradients in soil exist in most seasonal climates.
A second possible distillation process, that of lateral distillation between the matrix
surface and the matrix interior, could also explain the lc-excess patterns of soil water (Figure
4.22). Kurz-Besson et al. (2006) proposed this mechanism to explain depletion of 2H in water
originating from roots as hydraulic redistribution – i.e., kinetic fractionation of water in the
rhizosphere leads to depletion in distal water farther from the root. In clay soils, roots often
follow the inter-aggregate macropore network (Dekker and Ritsema 1996). This rhizospere is
preferentially wetted by infiltration, likely creating systematic disequilibrium soil moisture
between ped faces and interiors. If soils remain unsaturated through slow matrix infiltration,
evaporated ped-surface water may diffuse from the saturated ped boundary into the matrix
interior through continuous vapor pathways such as unsaturated macropores. This diffusion
would cause kinetic fractionation if the disequilibrium were frequent and sustained enough to be
more rapid than reverse isotopic equilibration via those same pathways. Such a disequilibrium
would be greater and more sustained during periods of low soil moisture when there are more
empty pores that allow for vapor diffusion. Another mechanism that may promote sustained
disequilibrium is that smectitic clays uptake water above 90% humidity because of
thermodynamic disequilibrium promoting development of hydration layers (Laird 2006). This
uptake is slow and likely non-fractionating for 2H (Stewart 1972) and provides an indefinite
potential gradient for vapor condensation onto the soil surface beyond any temperature effects.
The interaction of distillation with clay mineralogy, interlayer water, adsorbed water, and solutes
could also cause fractionation because of complex and hysteretic thermodynamics (Laird and
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Sheng 1997), but this remains unknown. Such a sustained disequilibrium between macropores

Figure 4.22. Conceptual diagram of possible vertical and lateral vapor distillation processes that
may lead to in-situ fractionation in study soils resulting in bulk soil water that is to the left of the
LMWL.
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and the soil matrix may be specific to vertic or structured clays. The rarity of observed high lcexcess soil water in the literature may be due to the fact that these soils are under-represented in
field investigations of isotope hydrology.
If distillation via vapor transport, equilibrium, and condensation affect the soil-water
isotope composition, the differences in lc-excess of the soil water between 2017 and 2018 might
be explained by the differences in conditions between the two years. Lc-excess was more
positive in 2018 as compared to 2017 and greater in deep soils. However, the majority of soils
were above the LMWL indicating that vapor phase transport across soils of various isotopic
composition, equilibration with surrounding liquid water, and condensation may have played at
least a minor role in most sampling events. Frequent precipitation throughout 2017 may have
suppressed this process from developing to the extent that was observed in 2018 by increasing
the proportion of liquid filled pores and reducing vapor transport. The relative roles of vapor
condensation in both directions and selective recharge remain to be seen, but it is likely that both
contributed to the observed depletion of soil-water isotopes.
4.4.3 Tree water isotopes
The ultimate source of water for trees in the study floodplains is likely precipitation given
the importance of the source in controlling both shallow groundwater and soil-water isotopic
composition. There was no indication that trees were using deeper groundwater sources which
contrasts the finding of other studies of tree source water in floodplains (White et al. 1985) and
the assumptions of previous authors (Winter et al. 1998). The lack of deep groundwater influence
in both contributing to soil moisture and as a source water for trees may be related to the vertic
soil structure of the study floodplains or due to historical modifications and groundwater
depletion in the study floodplains.
As has been observed elsewhere, transformation of source waters in the soil disconnect
apparent tree water sources as observed from xylem isotope data from the ultimate sources. This
is due to the interaction between soil structure, root architecture, and the degree of mixing
between various pools of soil water that are variably accessible to trees (Brooks et al. 2010,
Ehleringer et al. 1991, Stewart et al. 1999). The area of soil that trees are accessing is likely
evaporated relative the LMWL. Trees could be using relatively evaporated water from near the
surface or from evaporated surface ponds through the infiltration of this water into shallow soils.
Shallow soils had the highest GWC for the majority of the study period and rooting depth of
floodplain trees is generally shallow (Kozlowski 1997). In addition, shallow soils are the most
expansive in vertic clays because of lower confining pressures (Grant et al. 2002), making the
surface much easier to penetrate as compared to deeper compact soils (Morales 2019). In
addition, if lateral distillation is occurring and ped-surface water is slightly evaporated due to this
process, the evaporated xylem water could be evidence that trees are preferentially using pedsurface water during the majority of the growing season. Preferential water uptake from pedsurfaces is consistent with the observed rooting behavior in other clay soils along inter-aggregate
macropores (Dekker and Ritsema 1996).
Temporal variability is xylem water isotopes was difficult to interpret given the generally
high variability of xylem water isotopes within individuals sampling events and the relatively
low sampling size. Only one interpretable temporal change in tree water use was observed at the
Boeuf site in August 2018. This corresponded to seasonally low soil moisture and may have
indicated a change from either surface soils to deeper soils or from ped-surface soils to pedinterior soils. This would be consistent with other studies that have found that the xylem water
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isotopic composition is largely determined by root distribution during wet periods and soil water
availability during dry periods (Rose et al. 2003, McCole and Stern 2007, Ellsworth and
Sternburg 2015).
4.5 CONCLUSION
Results from this study clearly indicate that precipitation is an important source of
growing-season water for large, fine-grained floodplains of the southeastern United States.
Inference of tree water sources using the stable isotope methodology required in depth
investigation of the soil-water isotopic composition and characterization of the degree of isotopic
mixing and fractionation occurring in floodplain soils. Soils largely reflected precipitation input
likely mediated by the influence of shallow groundwater with some evidence of possible river
flood recharge. However, unexplained positive lc-excess was observed in many of the soil
samples across all study floodplains, indicating the possible importance of specific recharge
events and vapor diffusion and condensation in structured, vertic soils in controlling isotopic
composition. Precipitation can be a significant source of water even in forested floodplain
systems that are substantially influenced by seasonal river flooding because flood recharge does
not persist.
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CHAPTER 5: CONCLUSION
5.1 SYNTHESIS
The studies in this dissertation have resulted in a substantial increase in knowledge of the
importance of various sources of water for large, fine-grained floodplains in the southeastern
United States. Precipitation was identified as the most important source of water in reducing
water stress during drought periods, acting as the main source of water for shallow groundwater
pools, and largely controlling wet up periods at all floodplains. In addition, it is likely the most
important source of water for soil moisture and likely tree water. Precipitation appears to be
particularly important during the growing season and in locations that are significantly
disconnected from the river. However, river floods do have a role in controlling groundwater and
likely soil moisture at low elevation sites, sites with coarser grained soils, and in larger
watersheds such as the White River floodplain. In addition, floods likely act to extend the
seasonal wet period duration further into the growing season and thus act to prevent early
summer water stress. Historical modifications of the river and over pumping of groundwater
should not be discounted. The extent and degree of these alterations at our study sites likely
influence the observed floodplain hydrology.
Vertic soils that are abundant in large, fine-grained floodplains play an important role in
mediating the relationship between source waters and floodplain water pools through preferential
flow. This structure likely influences rooting distribution. In addition, the dynamic hydraulic
conductivity that is dependent on soil moisture and the extreme nature of disequilibrium between
the soil matrix and macropore domain plays a role in the soil water isotopic composition of vertic
soils. The processes controlling soil water isotopic composition may be largely different from
that of other soils and include selective recharge that is stochastic in nature and possible
domination of vapor condensation during dry periods. Further, structured soils of the study
floodplains likely result in substantially different shallow groundwater behavior of these
floodplains relative to smaller floodplains with coarser soils by largely limiting vertical
connectivity to macrospores and thus reducing the responsiveness of shallow groundwater to
river fluctuations.
It is possible that altered river flood frequency, magnitude, duration, and timing may have
resulted in the observed lack of importance of surface flooding in controlling the soil-water
isotopic composition and floodplain soil moisture. All four of the study floodplains were
substantially modified with Big Lake essentially no longer receiving surface floods from the
river at all. Boeuf and Old Sabine still experience surface flooding from the adjacent rivers, but
the impacts of within watershed modification such as agricultural ditching and channelization in
the case of Boeuf and large upstream reservoirs in the case of Old Sabine on the overall
hydrology of the site cannot be discounted. In addition, reductions in regional groundwater pools
are occurring in aquifers such as the Mississippi alluvial aquifer, the Sparta aquifer, and the
Carrizo-Wilcox aquifer which are all potentially important for floodplain hydrology at the study
sites. It is likely that these floodplains in their natural state would have had higher groundwater
levels, higher river stages and greater connectivity in general (Hupp et al. 2009, Sophocleous
2002) which may have increased the importance of groundwater in maintaining soil moisture
historically through drainage control. In addition, small river floods during the seasonally drier
period would have potentially been more frequent (Edwards et al. 2016, Gee et al. 2015,
Townsend 2001) and thus played a larger role in replenishing soil moisture in the growing
season.
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Surface flooding plays an important role in controlling community composition of
forested floodplains through regeneration processes (Kroschel et al. 2016). Modification can
alter the relationship between tree growth and flooding, increasing the relative importance of
precipitation (Gee et al. 2014). Allen et al. (2016) demonstrated that community competition
dynamics can be affected by flooding and groundwater levels while Shankman et al. (2012)
concluded groundwater acts to sustain BLH forests at the western edges of the forest
community’s distribution. Although, the impact of previous modifications to the study
floodplains and the relationship of these modifications to the observation of precipitation
importance remains unknown, it is likely important for floodplain ecological processes. The
importance of precipitation in controlling soil moisture is relevant to the future of forested
floodplains in this region. Potential changes in the frequency, intensity, and timing of
precipitation due to climate change may result in changes to the forested wetland community in
the future, particularly in highly modified sites. Reliance on one source of water for a large
proportion of the growing season in combination with historical modifications and groundwater
withdrawal may make these ecosystems more vulnerable to future climate change especially at
the edges of the BLH forest range.
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APPENDIX B: SUPPLEMENTAL DATA FOR CHAPTER 3
Table A.1. Well site names at each floodplain with latitude and longitude location and other characteristics
well site
OSB1
OSB3
OSB4
OSB6
OSB7
OSB8
OSB9
OSB10
BF1
BF2
BF3
BF7
BL1
BL2
BL3
BL4
WRN1
WRN2
WRN3
WRN4
WRN5
WRN6
WRN7
WRN8
WRN9
WRN10
WRS1
WRS2
WRS3
WRS4
WRS5
WRS6
WRS7

1 m well
yes
yes
yes
yes
yes
yes
yes
no
yes
yes
no
yes
yes
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

0.5 m well
yes
yes
yes
yes
yes
yes
yes
no
yes
yes
no
yes
yes
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

floodplain associated river
Old Sabine Sabine River
Old Sabine Sabine River
Old Sabine Sabine River
Old Sabine Sabine River
Old Sabine Sabine River
Old Sabine Sabine River
Old Sabine Sabine River
Old Sabine Sabine River
Boeuf
Boeuf River
Boeuf
Boeuf River
Boeuf
Boeuf River
Boeuf
Boeuf River
Big Lake Tensas River
Big Lake Tensas River
Big Lake Tensas River
Big Lake Tensas River
White RiverWhite
NorthRiver
White RiverWhite
NorthRiver
White RiverWhite
NorthRiver
White RiverWhite
NorthRiver
White RiverWhite
NorthRiver
White RiverWhite
NorthRiver
White RiverWhite
NorthRiver
White RiverWhite
NorthRiver
White RiverWhite
NorthRiver
White RiverWhite
NorthRiver
White RiverWhite
SouthRiver
White RiverWhite
SouthRiver
White RiverWhite
SouthRiver
White RiverWhite
SouthRiver
White RiverWhite
SouthRiver
White RiverWhite
SouthRiver
White RiverWhite
SouthRiver

gauge
USGS gauge 08018500
USGS gauge 08018500
USGS gauge 08018500
USGS gauge 08018500
USGS gauge 08018500
USGS gauge 08018500
USGS gauge 08018500
USGS gauge 08018500
USACE gauge 07369150
USACE gauge 07369150
USACE gauge 07369150
USACE gauge 07369150
USACE gauge 07369649
USACE gauge 07369649
USACE gauge 07369649
USACE gauge 07369649
USGS gauge 07077800
USGS gauge 07077800
USGS gauge 07077800
USGS gauge 07077800
USGS gauge 07077800
USGS gauge 07077800
USGS gauge 07077800
USGS gauge 07077800
USGS gauge 07077800
USGS gauge 07077800
USACE Norrel Lock gauge
USACE Norrel Lock gauge
USACE Norrel Lock gauge
USACE Norrel Lock gauge
USACE Norrel Lock gauge
USACE Norrel Lock gauge
USACE Norrel Lock gauge

112

NRCS soil series
lat
long
Gladewater clay
32.60483 -95.3453
Gladewater clay
32.60249 -95.3472
Gladewater clay
32.59387 -95.352
Gladewater clay
32.60081 -95.3481
Gladewater clay
32.5985 -95.305
Gladewater clay
32.58812 -95.3518
Gladewater clay
32.58659 -95.3556
Gladewater clay
32.58297 -95.3558
Alligator clay
32.00192 -91.912
Hebert silty clay loam
31.99985 -91.9435
Alligator clay
31.97274 -91.9284
Perry silty clay loam
32.00489 -91.9205
Sharkey clay
32.11118 -91.5188
Sharkey clay
32.15019 -91.4818
Sharkey clay
32.1421 -91.4841
Sharkey clay
32.12238 -91.4952
Sharkey clay
34.57894 -91.2566
Sharkey clay
34.57894 -91.2566
Sharkey clay
34.57894 -91.2566
Sharkey clay
34.57894 -91.2566
Sharkey clay
34.57932 -91.2672
Sharkey clay
34.57932 -91.2672
Sharkey clay
34.57932 -91.2672
Sharkey clay
34.57898 91.26932
Sharkey clay
34.58127 -91.2798
Sharkey clay
34.59771 -91.3219
Yancopin silty clay loam 34.10973 -91.1336
Kobel silty clay
34.11856 -91.1275
Kobel silty clay
34.11757 -91.1215
Yancopin silty clay loam 34.11823 -91.1192
Sharkey clay
34.03953 -91.0975
Sharkey clay
34.09447 -91.1306
Sharkey clay
34.11152 -91.1192

APPENDIX C: SUPPLEMENTAL DATA FOR CHAPTER 4

Figure C.1. Soil moisture and soil temperature at BF1.
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Figure C.2. Soil moisture and soil temperature at BF2.
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Figure C.3. Soil moisture and soil temperature at BF7.
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Figure C.4. Soil moisture and soil temperature at BL2.
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Figure C.5. Soil moisture and soil temperature at BL3.
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Figure C.6. Soil moisture and soil temperature at OSB1.
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Figure C.7. Soil moisture and soil temperature at OSB4.
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Figure C.8. Soil moisture and soil temperature at OSB8.
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Figure C.9. Soil moisture and soil temperature at OSB9.
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